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Zusammenfassung

Pair-Copula-Bayes-Netze (PCBNs) stellen eine neuartige Klasse multivariater sta-
tistischer Modelle dar, welche sowohl nichtgaufssche Verteilungen als auch die Vor-
gabe einer durch einen azyklische Digraphen (ADG) représentierten Liste bedingter
Unabhéngigkeiten erlauben. Die Likelihoodfunktionen dieser Modelle besitzen ei-
ne spezifische Faktorisierung, welche auf Pair-Copula-Konstruktionen basiert und

folglich nur univariate Verteilungen und bivariate (bedingte) Copulas umfasst.

Wir entwickeln die theoretischen Grundlagen zur Konstruktion von PCBNs auf be-
liebigen ADGs und liefern generische Algorithmen zur Erzeugung von Zufallsstich-
proben und zur Likelihood-Inferenz. Dariiber hinaus schlagen wir ein Verfahren zur
Ordnung der Elternknoten im zugrunde liegenden ADG vor. Wir demonstrieren
die Maximum-Likelihood-Schétzung der Parameter dieser Modelle und vergleichen
PCBNs mit verschiedenen Modellen aus der Literatur. Eine Simulationsstudie un-
tersucht die Effekte von Modellmissspezifikation und unterstreicht den Bedarf an

nichtgauftschen Verteilungen zur Modellierung bedingter Unabhingigkeiten.

Die Schétzung des zugrunde liegenden ADGs erfolgt mit Hilfe einer Variante des
bekannten PC-Algorithmus. Diese Variante basiert auf einem neuartigen Test auf
bedingte Unabhéngigkeit, welcher speziell auf den Modellrahmen zugeschnitten ist.
Eine Simulationsstudie zeigt, dass der PC-Algorithmus zur Strukturschitzung in
nichtgauftschen PCBNs hochst geeignet ist. Zuletzt untersuchen wir Strategien zur
Reduzierung des numerischen Aufwands und verwenden die vorgeschlagenen Ver-

fahren zur Modellierung von Finanzdaten.






Abstract

Pair-copula Bayesian networks (PCBNs) are a novel class of multivariate statistical
models which permit non-Gaussian distributions as well as the inclusion of condi-
tional independence assumptions specified by a directed acyclic graph (DAG). These
models feature a specific factorisation of the likelihood that is based on pair-copula
constructions (PCCs) and hence involves only univariate distributions and bivariate

copulas, of which some may be conditional.

We develop the theoretical foundation for constructing PCBNs from arbitrary DAGs
and provide generic algorithms for random sampling and likelihood inference. More-
over, routines for selecting orderings of the parents of the vertices in the underlying
graphs are proposed. We demonstrate maximum likelihood estimation of the para-
meters of these models and compare PCBNs to various competing models from the
literature. A simulation study investigates the effects of model misspecification and

highlights the need for non-Gaussian conditional independence models.

Model selection of the DAG is facilitated using a version of the well-known PC al-
gorithm which is based on a novel test for conditional independence of random vari-
ables tailored to the PCC framework. A simulation study shows the PC algorithm’s
high aptitude for structure estimation in non-Gaussian PCBNs. We finally investig-
ate strategies to reduce computational complexity and apply the proposed methods

to modelling financial return data.
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Introduction

The analysis of dependence and independence in a given family of random variables
is a fundamental concept in multivariate statistics. Although, in a broad sense, inde-
pendence can be deemed the absence of dependence, inference with a view towards
the one or the other may involve substantially different statistical models. In this
thesis, we combine the advantages of graphical independence models with the flexib-
ility of copulas to derive a novel multivariate statistical model, which not only reflects
Markov properties exhibited by data, but also enables us to capture further distri-

butional features such as heavy-tailedness and non-linear, asymmetric dependence.

Graphical models are multivariate statistical models in which the joint distribution
of a family of random variables is restricted by a list of conditional independence
assumptions. This list can be summarised in a graph whose vertices represent the
variables and whose edges represent interrelations of these variables. We are particu-
larly interested in the graphical models known as Bayesian networks, whose Markov
properties can be represented by a directed acyclic graph (DAG). Given a family
X = (Xy)veq1,..ay, d € IN, of continuous random variables associated to a DAG
D, the distribution of X features a specific factorisation of the probability density
function (pdf), which is given by

d
F@) =[] fopae) @ | Toaw)), T = (1,...,24) € R,
v=1

where pa(v) are the parents of a vertex v (i.e. the vertices w such that D contains the
edge w — v) and fyjpa(w)( | Tpa(v)) is the conditional pdf of X, given X pa) = Tpaw)

(Lauritzen, 1996, Chapter 3). For instance, if X follows a multivariate normal
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distribution, this factorisation is reflected in a particular shape of the precision mat-
rix. If X follows a discrete distribution, a similar factorisation holds for the probab-
ility mass function. Inference in Bayesian networks is thus facilitated by their visual
representation of conditional independence restrictions through missing edges in a
graph and by the factorisation of their likelihood based on parent-child relationships.

Moreover, the inclusion of Markov properties results in a certain parsimony.

The origins of graphical models can be traced back to the seminal work of Wright
(1921) on path analysis. Modern applications of Bayesian networks range from ar-
tificial intelligence, decision support systems, and engineering to genetics, geology,
medicine, and finance (Pourret et al., 2008). These models play an important role
in causal reasoning (Pearl, 2009). Despite the broad scope of applicability, however,
graphical modelling of continuous random variables has mainly been limited to the
multivariate normal distribution. At the same time, it is well known from the liter-
ature on statistical finance that the assumption of joint normality may lead to severe
underestimation of certain risks (McNeil et al., 2005), and, in a more general sense,
fails to yield suitable models in many applications. Another approach to dealing
with continuous Bayesian networks is to discretise the continuous random variables
and then to work with the corresponding discrete model. However, depending on
the discretisation used, the conditional probability tables involved in this proced-
ure quickly become very complex. We instead use copulas to derive flexible and

tractable continuous Bayesian networks that are not hampered by these drawbacks.

Copulas are multivariate cumulative distribution functions (cdfs) on the unit cube
with uniform univariate margins. Their popularity originates from a theorem of
Sklar (1959), which states that every multivariate cdf can be decomposed into its
univariate margins and a copula. Given a family X = (X,)yeq1,..,qp of continu-
ous random variables with strictly increasing univariate marginals Fi, ..., Fy, this

relationship can also be stated in terms of the pdf as

d

f@) = c(Fi(z),...,Fa(za) [[ folz), @ =(21,...,24) € RY,

v=1
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where the copula pdf ¢ is uniquely determined. From a statistical perspective, cop-
ulas allow us to separate the tasks of modelling univariate margins and multivariate
dependences. Their high usability has lead to widespread application, in particular
in quantitative finance (Cherubini et al., 2004). While there is a plethora of literat-
ure on bivariate copulas (also called pair copulas) (Joe, 1997; Nelsen, 2006), however,

many of these bivariate copulas have no straightforward multivariate extension.

Bedford and Cooke (2001, 2002) hence developed pair-copula constructions (PCCs),
in which a multivariate copula is decomposed into bivariate, potentially conditional,
copulas. Also, they introduced so-called regular vines (R-vines) as a graphical rep-
resentation of a class of hierarchical PCC models known as vine copula models.
Aas et al. (2009) and Difsmann et al. (2013) later recognised these models’ aptitude
for likelihood inference since pdfs of vine copulas are easily obtainable in explicit
analytical form. By drawing on the rich literature on pair-copula families, vine
copula models provide high distributional flexibility and can thus be universally ap-
plied in multivariate dependence analysis. Applications to financial data have shown
that vine copula models outperform other multivariate copula models in predicting
log-returns of equity portfolios, see Aas and Berg (2009), Chollete et al. (2009),
and Fischer et al. (2009). While one may be reminded of graphical models when
looking at R-vines, these graphical representations have no interpretation in terms
of Markov properties. In fact, not all Markov properties specified by a DAG can
be represented in a vine copula model. Also, the flexibility of vine copula models
comes at the price of quadratic growth in the number of pair copulas to be specified

as the number of variables increases.

In an attempt to merge the advantages of both worlds, Kurowicka and Cooke (2005)
applied the pair-copula concept to Bayesian networks and thereby obtained a novel
class of PCC models which, by construction, satisfy conditional independence as-
sumptions specified by a DAG. However, their analyses were restricted to pair-copula
families with the property that zero rank correlation implies independence. We cast
their idea into a more general theoretical framework and show that this restriction of

the set of applicable pair copulas is unnecessary. Given a family X = (X, )veq1,..a)
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of continuous random variables with strictly increasing univariate marginals and
Markov structure specified by a DAG D, iterative application of Sklar’s theorem to
the pdf factorisation with respect to D yields the decomposition

d
f(aj) = va(xv)Hcv,w\pa(v;w) (Fv|pa(v;w) (x'u ‘mpa(v;w))v Fw\pa(v;w) ($w "’Bpa(v;w)) ’wpa(v;w)) b
v=1

wepa(v)

where pa(v;w) are the parents of v that are smaller than w by a given increasing
ordering <, of pa(v). The parent orderings <, need to be specified in addition
to the Markov structure. This way, we obtain a pdf decomposition in which each
edge of D corresponds to exactly one (conditional) pair copula. From a statistical
viewpoint, we obtain a novel statistical model that is both a Bayesian network and
a copula model, and in which all copula parameters can be chosen independently of
each other. We refer to these models, which include Gaussian Bayesian networks as

a special case, as pair-copula Bayesian networks (PCBNs).

The price to be paid for the inclusion of conditional independence assumptions is re-
flected in the conditional cdfs, whose evaluation may require high-dimensional integ-
ration and is thus potentially more involved than in vine copulas. So far, an explicit
representation of these conditional cdfs was only derived in examples. We provide
and proof a general algorithm for evaluating the likelihood of an arbitrary PCBN.
Further research on PCBNs includes Hanea et al. (2006) and Hanea and Kurowicka
(2008). While these authors concentrate on non-parametric statistical inference and
elicited expert knowledge, we focus attention to parametric likelihood inference and
data-driven structure estimation. Elidan (2010) uses another copula decomposition
of distributions associated with a DAG that is based on generally higher-variate cop-
ulas and hence lacks the flexibility of the pair-copula approach. Overall, we observe

that copulas are slowly starting to make their way into graphical modelling.

A concept crucial to PCCs are conditional copulas. A customary assumption in PCC
modelling is that families and parameters of conditional pair copulas remain constant
for all possible values of the conditioning variables, see Hobaek Haff et al. (2010),
Acar et al. (2012), and Stober et al. (2012) for a critical assessment. Outside the PCC
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context, conditional copulas have been used in finance applications, frequently with
the aim of modelling time-varying dependence (Patton, 2006). Here, time variation

in the conditional copulas is captured by the inclusion of time-varying parameters.

Model selection in PCBNs involves specification of the underlying DAG. When
expert knowledge is unavailable, data-driven structure estimation algorithms are
frequently used. Two approaches are predominantly found in the literature: the
constraint-based and the score-and-search-based approach (Koller and Friedman,
2009, Chapter 18). In the former, the DAG is inferred from a series of condi-
tional independence tests, while in the latter, the DAG is found by optimising
a given scoring function. Unfortunately, available implementations of aforemen-
tioned algorithms are mainly confined to discrete or Gaussian models. We con-
centrate on the constraint-based PC algorithm (Spirtes and Glymour, 1991) and
introduce a novel test for conditional independence of continuous random vari-
ables tailored to the PCC framework. This test uses the Rosenblatt transform
(Rosenblatt, 1952) to convert the problem of testing the conditional independence
X, 1L X, | Xw, u,vo ¢ W C {1,...,d}, into the problem of testing the inde-
pendence Fyw (X, | Xw) 1L Fw (X, | Xw). The conditional cdfs required in this

transformation are estimated using vine copula models.

Outline of the thesis

In Chapter 1, we review Bayesian networks. We begin in Section 1.1 by collecting
the graph-theoretical terminology required throughout this thesis. We then give
the definition of a D-Markovian probability measure in Section 1.2 and state some
important properties. In Section 1.3, we introduce graphical models and focus at-

tention to Gaussian Bayesian networks.

Vine copula models are introduced in Chapter 2. We first recall the definition of a
copula in Section 2.1 and provide the cdfs and pdfs of the pair-copula families used
in this thesis. Next, we introduce PCCs in Section 2.2, before considering likelihood

inference and model selection in vine copula models in Section 2.3.
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In Chapter 3, we develop the theoretical foundation for constructing PCBNs and
investigate statistical inference in these models. Above given pair-copula decom-
position of distributions associated to a DAG is proved in Section 3.1. Next, we
formally derive pair-copula factorisations for the corresponding conditional cdfs in
Section 3.2 and summarise the results in a ready-to-use algorithm. We proceed
by introducing PCBNs in Section 3.3, where we consider random sampling as well
as likelihood inference. The developed routines for likelihood inference are eventu-
ally tested in a simulation study in Section 3.4, which also investigates the effects
of model misspecification. It is demonstrated that non-Gaussian PCBNs outper-
form Gaussian PCBNs and D-vine copula models in all of the investigated set-
tings. Sections 3.1 and 3.4 are based on Bauer et al. (2012), while Sections 3.2
and 3.3 are taken from Bauer and Czado (2012).

Model selection in PCBNSs is studied in Chapter 4. We begin by considering struc-
ture estimation in PCBNs in Section 4.1. To this end, we review the PC algorithm
and introduce the novel test for conditional independence of continuous random vari-
ables mentioned above. We then examine the PC algorithm’s aptitude for structure
estimation in non-Gaussian PCBNs in a simulation study in Section 4.2. Our novel
test will prove to outperform a standard test for zero partial correlation frequently
used in the Gaussian setting. Last, we propose a strategy for ordering the parents
of a vertex in the DAG in Section 4.3. This strategy is based on the idea of mod-
elling strongest dependences in the pair copulas with fewest conditioning variables.
Chapter 4 is based on Bauer and Czado (2012).

In Chapter 5, the hitherto developed routines are applied to modelling financial re-
turn data. More precisely, we model daily log-returns of two portfolios comprising
German and US stock and bond indices (Section 5.1) and international stock indices
(Section 5.2). In the first data set, we use economic considerations to derive the un-
derlying DAG, while in the second data set, we use the PC algorithm. The chapter is
concluded by an account on reducing computational complexity. Section 5.1 is taken
from Bauer et al. (2012), while Section 5.2 is based on Bauer and Czado (2012).

The thesis finally contains two appendices. In Appendix A, we provide closed form
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expressions for the h-functions of the pair-copula families discussed in Section 2.1.
Appendix B features the complete pair-copula decomposition of the PCBN associ-

ated to the example DAG in Section 3.2.






1 Bayesian networks

Bayesian networks are multivariate statistical models in which the joint distribution
of a family of random variables is restricted by a list of conditional independence
assumptions. This list can be summarised in a directed acyclic graph D whose
vertices represent the variables and whose edges represent interrelations between
these variables. We begin this chapter by fixing some graph-theoretical terminology,
which is not used consistently throughout the literature. We then give the definition
of a D-Markovian probability measure and state some important properties. Finally,
we introduce graphical models and focus attention to Gaussian Bayesian networks.
A comprehensive introduction to Bayesian networks is found in Lauritzen (1996)

and Cowell et al. (2003), see also Pourret et al. (2008) for examples of applications.

1.1 Graph-theoretical terminology

Let V' # 0 be a finite set and let E C € = {(v,w) € V x V |v # w}. Then
G = (V,E) denotes a graph with vertez set V and edge set E. We say that G
contains the undirected edge v — w if (v,w) € E and (w,v) € E. Similarly, we say
that V' contains the directed edge v — w if (v,w) € E but (w,v) ¢ E. A graph
containing only undirected edges is called an undirected graph (UG). If G is a UG and
E =&, we call G the complete UG on V. Moreover, a graph containing only directed
edges is called a directed graph. By replacing all directed edges of G with undirected
edges, we obtain the skeleton G* of G. We write v —o w whenever (v, w) € FE, that
is G contains either the directed edge v — w or the undirected edge v — w. A
sequence of distinct vertices vy,...,vp € V, k > 2, is called a path from v to vy if G

contains v; —o v; 41 for all i € {1,...,k — 1}. A path from v; to vy is called directed
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if at least one of the connecting edges is directed. We call a path from v; to v; a
cycle if v; = vg. In particular, we call a directed path from vy to vy a directed cycle
if v; = vg. A graph without directed cycles is known as a chain graph (CG). A CG
containing only directed edges is called a directed acyclic graph (DAG). We define
the adjacency set of a vertex v € V as ad(v) = {w € V | (v,w) € E or (w,v) € E}.
If w ¢ ad(v), we say that v and w are non-adjacent. A triple of vertices (u, v, w) is

called a v-structure if G contains © — v <— w and if v and w are non-adjacent.

Now let D = (V, E) be a DAG. The moral graph D™ of D is defined as the skeleton
of the graph obtained from D by introducing an undirected edge u — w whenever
D contains a v-structure (u,v,w) for u,v,w € V. Since all edges of D are directed,

we can speak of paths instead of directed paths. For v € V', we set

parents of v),

(v) (
an(v) = {w € V | D contains a path from w to v} (ancestors of v),
(v) } (descendants of v), and
(

nd(v) =V \ ({v} Ude(v))

non-descendants of v).

A set I CV is called ancestral if pa(v) C I for all v € I. The smallest ancestral set
containing / is denoted by An(I). As is readily verified, An(/) = I UJ,; an(v).
The graph D; = (I JEN(IxT )) is called the subgraph of D induced by I. A bijection

Vs : {1, cee |V|} — V', i+ v;, satisfying ¢ < j whenever D contains v; — v; for some
i,j € {1, ce |V\} is called a well-ordering of D. Note that in a well-ordered DAG
the set {vy,..., v} is ancestral for all k € {1,...,|V|}.

Finally, let G be a UG and let I, J, K C V be pairwise disjoint. A path from I to J
is a path from a vertex v € I to a vertex w € J. We say that K separates I from
J in G, and write I L J | K [G], if every path from I to J contains a vertex in K.
In particular, we write I L J | 0 [G], or shortly I L J[G], if there exists no path
between I and J. We call G connected if for every distinct v, w € V there is a path

from v to w. A connected UG without cycles is a tree. If there is a vertex w € V

such that ad(w) = V' \ {w} and ad(v) = {w} for all v € V' \ {w}, that is all vertices
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are solely adjacent to w, then G is called a star and w is called its root vertex.

Example 1.1. Figure 1.1 shows a well-ordered DAG D on four vertices 1,2, 3,4
together with the corresponding moral graph D™. For every vertex v in D, the sets
ad(v), an(v), de(v), nd(v), and pa(v), respectively, are given in Table 1.1. Observe
that D contains the v-structure 2 — 4 < 3, which is why D™ contains the edge
2 — 3. We obtain the graph separation property 1 L 4 | {2,3} [D™].

1.2 Conditional independence and directed acyclic
graphs (DAGs)

In graphical probability modelling, graphs are used to represent conditional inde-
pendence properties of corresponding families of probability measures. Let D =
(V,E) be a DAG on d = |V| vertices and let P be a probability measure on R¢.
Moreover, let X be an R?valued random variable distributed as P. For I C V', we
write X = (X,)ves and denote the corresponding I-margin of P by P;. If I = {v}
for some v € V, we write X, and P, instead of Xy,, and P,y. Furthermore, we write
X7l X ;| Xk whenever X and X ; are conditionally independent given X g for
pairwise disjoint sets I, .J, K C V. By convention, X; 1l X ; | X is understood as
X7 Ul X ;. P issaid to possess the local D-Markov property if

X, 1 Xnd(v)\pa(v) ‘ Xpa(v) for allv e V. (1.1)
Correspondingly, P is said to possess the global D-Markov property if
IJ_J‘K[(DAH([UjuK))m] = X]J_LXJ’XK for all [,J,ng (12)

Equations (1.1) and (1.2) relate (conditional) independence properties of P to graph
separation properties of D. Since ad(v) N (nd(v) \ pa(v)) = @ for every v € V, it can
be easily seen that the conditional independence restrictions obtained from Equation
(1.1) correspond to missing edges in D. One can show that P has the local D-Markov
property if and only if P has the global D-Markov property, see Lauritzen (1996,
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p. 51). A probability measure satisfying Equations (1.1) and (1.2) is thus simply
called D-Markovian. Despite the aforementioned equivalence, the lists of explicit
conditional independence restrictions obtained from Equations (1.1) and (1.2) may,
however, be of different lengths. Note that a D-Markovian probability measure can
exhibit further conditional independence properties apart from those represented by
D. If, however, P exhibits no conditional independence properties other than those
represented by D, then P is called faithful to D. Now let P have Lebesgue-density
f- One can show that P is D-Markovian if and only if f has a so-called D-recursive

factorisation, that is

f(:v) = H fv|pa(v) (xv | mpa(v)) for all & = (1‘1, C. ,$d) - Rd, (13)

veV

where fypa) (- | Zpaw)) denotes the conditional probability density function (pdf)
of X, given X, ,) = Tpa(w), See again Lauritzen (1996, p. 51). Note that there
may be more than one DAG representing the same set of conditional independence
restrictions. We call the set of DAGs representing the same conditional independence
restrictions as D the Markov-equivalence class of D, and denote it by [D]. Two
DAGs Dy = (V, Ey) and Dy = (V, Ey) are called Markov equivalent if [Dy] = [Ds].
By Verma and Pearl (1991), D; and D, are Markov equivalent if and only if they
have the same skeleton and the same v-structures. The Markov-equivalence class of
D can be represented by a CG, the so-called essential graph D¢ associated with [D],
which has the same skeleton as D and contains a directed edge v — w if and only
if all members of [D] contain v — w, see Andersson et al. (1997). A DAG in [D]
can be obtained from D¢ by directing all undirected edges of D¢ such that no new

v-structures and no directed cycles are introduced.

Example 1.2. Figure 1.2 shows again the DAG D from Figure 1.1 together with the
essential graph associated with the corresponding Markov-equivalence class. Let P
be an absolutely continuous D-Markovian probability measure on R*. Straightfor-
ward evaluation of Condition (1.1) yields the restrictions X; 1L Xy | Xy (for v = 1),
Xo 1L X5 | Xj (both for v =2 and v = 3), and X; 1l X, | X3 (for v = 4), of which

the first is vacuous. There are no other implicit conditional independence properties
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in this example. As for the pdf of P, Equation (1.3) yields the representation

f(@) = fi(z1) fou(z2] 21) fap (s | 21) fayes(@a | @a3) for all @ = (21,...,24) € R™

We shall mention that verifying whether a given empirical distribution on R? can
be assumed to originate from a D-Markovian probability measure is hard. One
approach is to apply structure estimation algorithms to the given data, cf. Chapter
4. As an alternative approach, expert knowledge is frequently exploited to define the

graph D specifying the Markov structure (Kurowicka and Cooke, 2006, Chapter 5).

1.3 Gaussian Bayesian networks

A Bayesian network or (directed) graphical model based on a DAG D = (V, E) is a
family of D-Markovian probability measures. For instance, the family of all regular
D-Markovian normal distributions on R¢, d := |V|, is called the Gaussian Bayesian
network based on D. Applications of Bayesian networks range from artificial intel-
ligence, decision support systems, and engineering to genetics, geology, medicine,
and finance. For lack of tractable continuous probability measures, statistical mod-
elling with Bayesian networks has mostly been limited to multivariate discrete or
normal distributions. Kurowicka and Cooke (2005) used copulas to derive a rich and

tractable class of continuous Bayesian networks, which we investigate in Chapter 3.

Let us briefly review Gaussian Bayesian networks. By {Npx |2 € ©} we denote
the family of D-Markovian normal distributions on R¢ with zero mean and positive
definite correlation matrix ¥. Let = (x',...,x"), n € N, be a realisation of a
sample of i.i.d. observations X', ..., X™ from a corresponding random variable X.

As is well known, the log-likelihood function takes the form
nd n 1 1T
(X 2) = —710g(27r) -3 log || — Etr(E z'x),

where |A| denotes the determinant and tr(A) the trace of a matrix A € R4

(Lauritzen, 1996, Section 5.1.2). A more explicit representation of the precision
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Figure 1.1: A well-ordered (vertex labels) DAG D (left) with moral graph D™ (right).

v ad(v) an(v) de(v) nd(v) pa(v)
1 {2,3} 0 {2,3,4} 0 0

2 {1,4} {1} {4} {1,3} {1}
3 {1,4} {1} {4} {1,2} {1}
4 {2,3} {1,2,3} 0 {1,2,3} {2,3}

Table 1.1: Sets of adjacencies (ad), ancestors (an), descendants (de), non-descend-
ants (nd), and parents (pa) for the vertices v in DAG D of Figure 1.1.

Figure 1.2: A DAG D (left) specifying the conditional independence restrictions
Xy U Xy | Xoz3 and X 1L X3 | X7, and the essential graph D¢ (right)
associated with the corresponding Markov-equivalence class [D].
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matrix 7', and hence of ¥, can be given using the Markov properties of Np 5.
Assume w.l.o.g. that D is well-ordered, and write V = {1,...,d}. Let A € R¥™? be

the lower triangular matrix with elements
Aii=1, Aipai) = —Zipa) (Spa@ypaty) s Aij =0 otherwise,
and let D € R¥“ be the diagonal matrix with elements
Dii=3i; — Zipat) (Zpat)pati)) " Spa(i)i-
Then X' = A" D' A, see Cox and Wermuth (1996, Chapter 3).

Moreover, let A € R4 be the diagonal matrix with elements A= /(B
The elements of the standardised precision matrix C = A™!'X™' A~ have an
interpretation in terms of partial correlations. More precisely, let ¢ # j € V. Then

Cij = —pijv\{i,j} (Lauritzen, 1996, Section 5.1.3). In particular, we have
Ci,j =0 < X1l Xj | XV\{i,j}-

Also, for every K C V'\{i, j} and an arbitrary k € K, we have the recursive formula

pijK = Pz‘,j-K,,;— Pik-K_j, ,Oj,l;-K,k ’ (1.4>
\/1 ~ PikK_, \/1 — PikK_,

where K_j = K \ {k}, see Kurowicka and Cooke (2006, Section 3.3).






2 Vine copula models

Copulas provide a powerful tool in statistical analysis, which allows to conveniently
separate the tasks of modelling univariate margins and multivariate dependences.
Vine copulas are multivariate copulas which use bivariate copulas as building blocks
and which feature a graphical representation called a regular vine. In this chapter,
we introduce copulas and give some important examples. Moreover, we review pair-
copula constructions and consider statistical inference in vine copula models. A
comprehensive introduction to copulas is found in Joe (1997) and Nelsen (2006).
Cherubini et al. (2004, 2011) discuss applications of copulas in finance. Vine copula
models are treated in Kurowicka and Cooke (2006) and Kurowicka and Joe (2011).

2.1 Copulas

A d-variate copula, d € N, is a cumulative distribution function (cdf) on [0, 1]? such
that all univariate marginals are uniform on the interval [0, 1]. By Sklar’s theorem

(Sklar, 1959), every cdf F' on R? with marginals Fy,..., F; can be written as
F(a:) = C(Fl(l'l), “eey Fd<l’d)), L = (ZEl, SN ,$d) S Rd,

for some suitable copula C'. If F'is absolutely continuous and F, ..., Fy are strictly

increasing, a similar relationship holds for the pdf f of F', namely

d
f(@) = c(Fi(z1), ..., Fa(zq)) Hfi(xi), x = (r1,...,24) € RY,

17
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where the copula pdf c is uniquely determined. Above equations can then be solved

for C' and ¢, respectively, using marginal quantile functions. Doing so, we get

f(Fl_l(ul), . Fd_l(ud))

2.1
0 A ) Y

C(u) = F(Ffl(ul), . ,Fgl(ud)) and c(u) =

for all w = (uy,...,uy) € [0,1]%. For instance, consider the case of complete inde-
pendence. Then Equation (2.1) yields the independence copula C'-(u) == [[°, u;

with pdf ¢t (u) = 1.

Two important classes of copulas are the elliptical and the Archimedean copulas. We
will use copulas from these two classes in the simulation studies and data applications
of Chapters 3 to 5. Elliptical copulas arise from applying Equation (2.1) to elliptical
distributions, which include the multivariate normal and Student’s t distributions.
On the other hand, let ¢: [0, 1] — [0, 0o] be a continuous, strictly decreasing, convex

function satisfying ¢(0) = oo and (1) = 0. Then

C?(u) = ¢~ (p(ur) + - + p(ua)) (2:2)
is called a strict Archimedean copula with generator . We are mostly interested in
bivariate elliptical and Archimedean copulas, of which we now give some examples.

Example 2.1 (Gaussian copula). The bivariate Gaussian copula with parameter
p € (—1,1) is an elliptical copula which arises from applying Equation (2.1) to the

bivariate standard normal cdf ®, with correlation coefficient p. We get
C('LL, p) = (I)P((I)_l(ul)v (I)—1<U’2))7 u = (Ul,UQ) S [07 1]27

where ® denotes the univariate standard normal cdf. Setting z; = ®'(u;) and

1y = ® 1 (uy), the corresponding pdf takes the form

1 2022 1 42) _ 9
exp(—p (21 +23) —2px 962)‘

C(u; p) = /—1 — p2 2 (1 — pg)

Example 2.2 (Student’s t copula). The bivariate Student’s t copula with paramet-
ers p € (—1,1) and v € (1,00) is another elliptical copula. It arises from applying
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Equation (2.1) to the bivariate standard t cdf t,, with correlation coefficient p and

v degrees of freedom. We obtain
O(u; P V) = tp,u (t;l(ul)a t;l(UQ)), u = (ula u?) € [07 1]2a

where t, denotes the univariate Student’s t cdf with v degrees of freedom. Setting

x1 =t (u1) and @y =t (us), the corresponding pdf is given by

2 VTH 2 VJgrl
r(s)r(z2) (1+24) * (1+2)
C(’U,;,O, V) = V12

VI— 2 () (14 drditene) 2

where I' denotes the gamma function.

Example 2.3 (Clayton copula). The Clayton copula with parameter 6 € (0, 00) is
an Archimedean copula with generator ¢y(t) = 3 (t7% — 1). Equation (2.2) yields

C(u;0) = (ufe +u2_6 — 1) , u=(u,u) €[0,1]*, and

=

c(u;0) = (140) (uy u2)_1_9 (ul_e + u2_9 — 1)727%,

Example 2.4 (Frank copula). The Frank copula with parameter 6 € R\ {0} is an

Archimedean copula with generator ¢y(t) = — log<679t_1>. We have

e -1

—Ouy —Oug
Clust) =~ glog(1+ I € 0P, and

96_0 (u1+u2)(e—9 _ 1)

c(u;0) = ——— - - 5
((efm —1) (e 0w —1)+ e —1)

Example 2.5 (Gumbel copula). The Gumbel copula with parameter 6 € [1,00) is
an Archimedean copula with generator y(t) == (—logt)?. We obtain

C(u;0) = exp(—((—logul)e + (—loqu)e)%>, u = (up,uy) €[0,1]*, and
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(4:6) = C(u;0) (loguy - loguy)?~! (((— logu;)? + (—log UQ)G)% +0 — 1)

Up U ((— loguy)? + (—log u2)9)2*§

Density contour plots of above copulas with chosen parameters are displayed in
Figure 2.1. These copulas exhibit notable differences in tail behaviour as captured
by the lower and upper tail dependence coefficients (TDCs)
C 1—-2u+C
() = tim Z g A(©) =t L2 Gl

u—0 u u—1 1 — U

Moreover, we can express the Kendall’'s 7 of two continuous random variables via

their copula using the equality

T(C) =4 C(Ul,lb2> dC(ul,ug) — 1,

[0,1]?

see Joe (1997, Section 2.1.9). For Archimedean copulas, this equality can equival-

ently be expressed in terms of the generator ¢, yielding

1
t
7(C¥) = 1+4/ ‘P,( ) at
o ¢'(t)
Table 2.1 summarises the relation between copula parameters, TDCs, and Kendall’s

7 for the bivariate Clayton, Frank, Gumbel, Gaussian, and Student’s copula families.

2.2 Pair-copula constructions (PCCs) and regular

vines

While in recent years a vast catalogue of bivariate copula families (also known as
pair-copula families) has accumulated in the literature, many of these bivariate fam-
ilies have no straightforward multivariate extension. Bedford and Cooke (2001,
2002) introduced a rich and flexible class of multivariate copulas that uses bivari-

ate (conditional) copulas as building blocks only. The corresponding decomposition
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of a multivariate copula into bivariate copulas is called a pair-copula construction
(PCC). The most widely researched copulas arising from PCCs are the vine copulas.
These vine copulas admit a graphical representation called a regular vine (R-vine),
which consists of a sequence of trees, each edge of which is associated with a cer-
tain pair copula in the corresponding PCC. More precisely, let V' # () be a finite
set and let d = |V|. An R-vine on V is a sequence V = (T1,...,Ty_1) of trees
Ty =MW,E1),....,Ty-1 = (Vg_1,E4_1) such that V; =V and V; = E;_; for i > 2,
that is, the vertices of tree T; are the edges of tree T;_;. We here represent an edge
v — w in tree T;, ¢ € {1,...,d — 1}, by the doubleton {v,w} instead of by the
pairs (v, w) and (w,v), that is, E; € {{v,w} } v # w € V;}. Moreover, every tree
T;, i > 2, of V has to satisfy a prozimity condition requiring that |[v A w| = 2 for
every edge {v,w} € E;, where u A v = (uUwv) \ (uNwv). Two vertices in tree T3,
¢ > 2, can hence only be adjacent if the corresponding edges in tree T;_; share a
common vertex. Last, every edge {v,w} € E = E; U---U E;4_; carries a label
v A w|vNw representing the (conditional) pair copula Cyawjvnw, Where v A w |0 is
conveniently replaced by v A w. Instead of Cypu|unw We also write Cy, 1w, jvrw, Where
vy =0\ (vNw) and w, == w\ (vNw). The pdf f of a d-variate probability measure

with marginals F,, v € V, and copula C), corresponding to ) then takes the form

f(w) = H Copwa lvNw (FvA|vﬂw<va ’ wvﬂw>7 FwA|vr"|w (wa | wvﬂw) } wvﬂw) H fv(x’u)a

{v,w}eFE veV

(2.3)
where © = (z,),cv € R%. Note that—similar to DAGs—the vertices in the first tree
of V represent the univariate margins of C,. In contrast to DAGs, however, V does
not have an interpretation in terms of Markov properties of Cy,. An example of an

R-vine representing a five-variate vine copula is given in Figure 2.2.

For every K C V and v € K, we define K_, := K \ {v}. The conditional cdfs in

Equation (2.3) can be evaluated tree-by-tree using a recursive formula derived in Joe

(1996), which says that for every v € V', every K C V_,, and an arbitrary w € K

OCy ik (Foig_(@o | ®x_,), Pujr_, (T | ®K_,) | TK_,)
aFw\wa (Tw | Tx_,) '

FU‘K($U ‘ .’BK) = (24)
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Copula Kendall’s 7 Lower TDC A, Upper TDC Ay
Clayton % 2% 0

Frank 1—%5(1—Dy(0)) 0 0
Gumbel 1-1 0 2 — 2%
Gauss 2 arcsin (p) 0 0

Student 2 arcsin (p) 2,41 <—\/1/ + 1,/ %Z) 2,41 <—\/ v+1y/ %Z)

Table 2.1: Relation between parameters, tail dependence coefficients (TDCs), and
Kendall’s 7 for given copula families. D; is the first-order Debye function.

15|234

Figure 2.2: An R-vine specifying the pair copulas Ci2, Ch3, Cas, U4, Cigp2, Coyps,
Css12, Chapes, Cuasjos, and Cispss (edge labels). Boundaries of vertices
including either 1 or 5 appear in bold, see Section 4.1.3.
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An iterative algorithm for evaluating the pdf in Equation (2.3) under a simplifying
assumption of constant conditional copulas introduced below is given in Difsmann
et al. (2013). The first partial derivatives of a pair copula C,,, are also known as
h-functions. For (u,,u,) € [0,1]?, we write

o an,w(“vu uw) o 6011,11}(“1}7 uw)

hv,w(uvauw) = —————> and h%w(uy,uw) = B
v, w w

Oy,

Many popular pair-copula families exhibit closed-form expressions for these h-func-

tions, see Appendix A. Note that by Equation (2.4), we have

Py (Fv(xv), Fw(xw)) = Fyjw(®y |2) and hU&(Fv(xv), Fw(acw)) = Fupp(Tw | 20),

where (7,,1,) € R% Hence, we can extend the notion of h-functions to conditional

pair copulas, and express the right hand side of Equation (2.4) by

hy,w\K,w(Fv\K,w (xv ’ wK_w)a Fw|K,w (xw | "BK_U,> | wK_w) .

Assume p == |K| > 1, and write K = {wy, ..., w,} such that w; # w; for i # j. We
define K_; == {wj41,...,wp} foreveryi € {1,...,p}. Observing that f,x(z,|Tk) =

LFM i (zy |TK), we obtain by the chain rule of differentiation

dz,

p
fv|K(xv’mK) = fv(xv) Hcv,wi\Kﬂ' (FU|K71‘ ('T'U‘wai)7 Fwi|K7i('CEwi wai) wai)' (25)
=1

2.3 ML estimation and model selection in vine

copula models

A wvine copula model is a family of vine copulas together with families of univariate
marginals. Maximum likelihood (ML) estimation in vine copula models was first
considered in Aas et al. (2009). The findings therein were, however, restricted to
vine copula models represented by C- and D-vines. A C-wvine is an R-vine whose

trees are all stars. Conversely, an R-vine is called a D-vine if all vertices in tree T}
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are adjacent to at most two other vertices. ML estimation in vine copula models

based on general R-vines was considered in Difkmann et al. (2013).

Let V be an R-vine on V' with edge set E, and let Cy, w,jorw( 50, wsjorw)
{v,w} € E, be given (conditional) pair copulas with joint parameter vector 8 =
(0, s jvrw) f,wrer € ©. By {Cy |0 € ©} we denote the corresponding vine copula
family. Note that we dropped the values x,~, of the conditioning variables from the
pair copulas Ci, ., |onw, thus assuming that the corresponding copula family and

uM|

parameter vector 6,, ., vnw remain constant for all x,n, € Rl This simplifying
assumption is made for computational convenience and has become common prac-
tice in likelihood inference for vine copula models, see Hobaek Haff et al. (2010),
Acar et al. (2012), and Stober et al. (2012) for a critical assessment. Furthermore,
let w = (u',...,u"), n € N, be a realisation of a sample of i.i.d. observations
U',...,U" from a random variable U on [0, 1]¢ with copula family {Cy 4|0 € ©}

and uniform univariate margins. Equation (2.3) yields the log-likelihood function

n

l(ea ’Ll,) = Z Z log CUA,wAhJﬂw (FUA|vﬂw (uquA ‘ uqlfﬁw; 0) ) FwA|vﬂw (uqu ‘ ,u'qkjmw; O)a 9) .

k=1 {v,w}€E

(2.6)

The restriction to uniform margins is made for numerical convenience, see below.

2.3.1 ML estimation

Since a joint estimation of the parameters of the univariate marginal distributions
and the copula can become computationally demanding in high dimensions, a two-
step estimation approach known as the inference functions for margins method (Joe
and Xu, 1996) is frequently applied. First, the marginal parameters are estimated
and second, given the estimates of the marginal parameters, the copula paramet-
ers are inferred. In a similar vein, Genest et al. (1995) proposed a semiparametric
approach in which the empirical cdf is used to transform the univariate margin-
als to uniform [0, 1] distributions before estimating the parameters of the copula

model, see Kim et al. (2007) for a comparison. ML estimation of the parameters
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in Equation (2.6) is frequently performed using a stepwise approach as first de-
scribed in Aas et al. (2009). In a first step, ML estimates of the parameters of each
pair-copula family are computed separately. Due to the recursive structure of the
log-likelihood function outlined above, this estimation step is carried out tree-by-
tree. We refer to the obtained parameter estimates as sequential ML estimates. In a
second step, the full log-likelihood function is maximised jointly using the sequential
ML estimates as starting values, yielding the so-called joint ML estimates é\vﬂ,wmmw,
{v,w} € E. Large and small sample applications of the stepwise estimation proced-
ure have shown that the sequential ML estimates also provide a good approximation
of their joint counterparts, see Hobaek Haff (2013, 2012) for consistency results and
a simulation study. One might hence consider omitting the second estimation step

in a given situation to reduce computational complexity.

2.3.2 Model selection

Model selection for vine copula models comprises estimation of the R-vine V and
selection of the pair-copula families for C., w,vnw, {v,w} € E. Given V, the latter
task of selecting pair-copula families can be performed tree-by-tree, choosing for each
edge {v,w} € E the one pair-copula family among a given set of candidate families
that optimises a given selection criterion like Akaike’s information criterion (AIC)
(Akaike, 1974) or the Bayesian information criterion (BIC) (Schwarz, 1978). Dif-
mann et al. (2013) presented a greedy-type algorithm for the estimation of V, which
estimates the trees T7i,...,T; 5 sequentially, that is, again tree-by-tree. Note that
estimating tree T, o also fixes tree T,_;. Structure estimation for tree T; = (V;, E;),
i € {1,...,d — 2}, is carried out in three steps. In a first step, a weight w,, is
assigned to every pair of vertices v,w € V; with |[v A w| = 2. Suitable weights given
the data are, for instance, the absolute values of estimates of Kendall’s 7, or AIC or
BIC values of selected pair-copula families with estimated parameters. In a second
step, T is set to be a tree on V; optimising the sum of edge weights Z{%w}eEi Wy )
where [v A w| = 2 for all {v,w} € E; to ensure the proximity condition. Such an
optimal spanning tree can be found using the algorithms by Kruskal (1956) or Prim
(1957). In a last step, a pair-copula family is assigned to each edge {v,w} € E;,
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as described above, and an ML estimate of the corresponding parameter(s) is com-
puted. This last step may have already been performed when computing the edge
weights w,,,. Note that due to the greedy nature of the algorithm, the resulting
R-vine need not optimise the sum of all edge weights > (vw}eE Wou- The search for
optimal spanning trees reduces to a search for root vertices when only considering
C-vines instead of the more general R-vines, cf. Czado et al. (2012). Since a D-vine is
completely determined by tree 77, only one tree has to be specified when restricting
the class of R-vines to D-vines. Due to the particular structure of D-vines, however,
finding tree T} by the above method leads to a travelling salesman problem (TSP)
(Applegate et al., 2007), which is NP-hard. Kurowicka (2011) proposed an altern-
ative structure selection algorithm, in which V is built in reverse order from tree
T,;_1 to tree T using partial correlation estimates as weights. Bayesian approaches
to structure estimation have been considered in Smith et al. (2010), Min and Czado
(2011), and Gruber et al. (2013). Implementations of model selection and ML es-
timation procedures for vine copula models are readily available in the R package

VineCopula (Schepsmeier et al., 2013).

The construction of a d-variate vine copula model requires the specification of (;l)
pair-copula families, a number growing quadratically in d. The actual number of
decisions to make in practical applications may, however, be lower if we happen to
discover (conditional) independences in the analysed data. In that case, the cor-
responding pair copulas are set to be independence copulas. Since above structure
estimation algorithm is based on the idea of modelling strongest dependences in
the first trees, Brechmann et al. (2012) proposed to set all pair copulas in the later
trees to independence copulas, which leads to so-called truncated R-vines. Instead
of leaving the detection of (conditional) independences to chance, one may, however,
consider modelling these independences in the first place to obtain more parsimo-
nious models. Unfortunately, the construction of vine copula models satisfying pre-
specified conditional independence restrictions is a hard problem in general. A class
of models suited for this task are the Bayesian networks discussed in Chapter 1. Kur-
owicka and Cooke (2005) hence joined graphical and copula modelling to introduce

PCCs for Bayesian networks, which we will investigate in the next chapter.






3 Pair-copula Bayesian networks

Pair-copula Bayesian networks (PCBNs) combine the distributional flexibility of
PCCs with the parsimony of Bayesian networks. In this chapter, we derive PCCs
for D-Markovian probability measures and develop routines for computing condi-
tional cdfs. Moreover, we consider random sampling in PCBNs and investigate these
models’ aptitude for likelihood inference in a simulation study. PCBNs were first
introduced in Kurowicka and Cooke (2005) and further extended in Hanea (2008).
However, the analyses therein were restricted to pair-copula families with the prop-
erty that zero rank correlation implies independence. Also, these authors concen-
trate on non-parametric statistical inference, while we focus attention to parametric

likelihood inference.

3.1 PCCs for D-Markovian probability measures

Let D = (V,E) be a DAG, and let P be an absolutely continuous D-Markovian
probability measure on R?, d := |V, with strictly increasing univariate marginal
cdfs. We aim to derive a pair-copula decomposition for the pdf f of P. To this end,
we order the parent sets of all vertices in D increasingly. Let w,: {1,...,|pa(v)|} —
pa(v), i — w; = w,(i), be a bijection for every v € V with |pa(v)] > 1. We
introduce a total order <, on pa(v) for every v € V such that whenever |pa(v)| > 1
we have w; <, w; if and only if i < j for all 4,5 € {1,..., |pa(v)|}. Note that there
are |pa(v)|! permutations of pa(v) (up to isomorphism). We call O = {<, |v € V'}

a set of parent orderings for D. For every v € V and w € pa(v), we set

pa(v;w) = {u € pa(v) |u <, w} = {w; € pa(v) |i < w, (w)}.

29
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By Sklar’s theorem, we know that the cdf of P can be uniquely decomposed into the
univariate marginals Fi, ..., Fy and a copula C'. The following theorem shows that C'
can be further decomposed into the (conditional) pair copulas Cy, wpa(uw), ¥ € V, w €
pa(v), which yields a PCC for C' in which each (conditional) pair copula corresponds
to exactly one edge w — v in D. Contrary to the vine-based approach of Kurowicka

and Cooke (2005), the proof relies on graph-theoretical considerations only.

Theorem 3.1. Let D = (V, E) be a DAG on d = |V| vertices, and let P be an ab-
solutely continuous D-Markovian probability measure on R with strictly increasing
univariate marginal cdfs. Then P is uniquely determined by its univariate margins

P,, v €V, and its (conditional) pair copulas Cywipaww), ¥ € V, w € pa(v).

Proof. (Induction on the cardinality of V') Since P is D-Markovian, its pdf f admits
a D-recursive factorisation of the form (1.3). The claim is trivial for |V'| = 1. Hence,
let |V| > 2. Since D is acyclic, we may choose some maximal vertex of D, that is,
some m € V with de(m) = 0. Let V' .=V \ {m} and £ .= EN (V' x V'). Then

above-mentioned factorisation can be written as

f(w) = fm|pa(m) (xm | mpa(m)) H fv\pa(v)(‘rv | wpa(v))7 r = (%)vev € Rd' (31>

veV!

By the choice of m, the sets pa(v) and nd(v), v € V', remain unaffected by a
transition from D to the subgraph D’ = (V' E’). Thus, Py is D'-Markovian and the
product [ [ <y fopa)(---) on the right hand side of Equation (3.1) is the D'-recursive
factorisation of fy,. We may assume inductively that Py, and hence fy-, is uniquely
determined by the univariate margins P,, v € V', and the (conditional) pair copulas
Cowlpa(uiw), ¥ € V', w € pa(v). It remains to show that the same property holds for

Jmpa(m) if we include P, and Cy, wipa(msw), W € pa(m), in our analysis.

We prove the latter claim by induction on k = |pa(m)|. The claim is trivial for
k =0. For k > 1, let wy <, ... <, wy denote the elements of pa(m) and let
W = pa(m;wy). By Equation (2.4),

fm\pa(m) (xm ’ wpa(m)) = Cm,wk\W (Fm|W(xm | ch), ka\W(xwk |mW) ‘ mW) fm|W('Tm | Jiw)
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Since pa(m) € V', the conditional cdf F,,w(-|2w) is completely determined by
Py, and therefore by the quantities specified in the theorem’s claim. Observing
that W = pa(m) \ {w}, we may conclude by induction that F,w(-|zw) and
Jmw (- | 2w ) also exhibit the claimed property. This establishes the claim. O

By the above theorem, we can write f(x), © = (7,),cv € RY, as

va(xv) Hcv,w|pa(v;w) (Fv|pa(v;w) (xv |mpa(v;w))7 Fw\pa(v;w) (mw|mpa(v;w)) |mpa(v;w)) . (32)

veV wepa(v)

We may again distinguish the pair copulas involved by the number of conditioning
variables. Similar to vine copulas, this number ranges between 0 and possibly d — 1.
Although the graphical representations of the two models look fairly similar, the
concepts behind are completely different. While R-vines illustrate the required pair
copulas only, the edges of a DAG specify conditional independence restrictions. In

both cases, however, these representations are visual aids only and can be omitted.

The remaining question is whether DAGs actually yield pair-copula decompositions
which are not representable by R-vines. This question is closely related to the
computation of the conditional cdfs Fyjpawuw) (| Tpaww)) and Fujpagw:w) (- | Tpa(iw))
in Equation (3.2). The answer is yes. In contrast to R-vines, DAGs allow the
specification of conditional cdfs that cannot be computed by simply plugging in
results from preceding trees. Hence, these conditional cdfs have to be computed via
integration of other margins. In view of their application for statistical inference,

however, DAG PCCs are more parsimonious than R-vine PCCs, see Section 3.4.

Example 3.1. Consider the DAG D in Figure 1.2 with ordering 2 <4 3 of pa(4) =
{2,3}. By Table 1.1, we obtain pa(1;0) = (), pa(2;1) = 0, pa(3;1) = 0, pa(4;2) = 0,
and pa(4;3) = {2}. Equation (3.2) yields

f(iB) = f1($1) T f4($4) €21 (F2($2), F1($1)) €31 (F3($3), F1(5U1)) C42 (F4($4), F2($2))

" C43|2 (F4|2(934 | 5E2), F3|2(5E3 | I2) ‘ $2), T = ($1, e ,$4) € ]R4,

where Fyo(24|x2) = hao (F4(x4),F2(x2)) by Equation (2.4). Since the copula Csy
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is not available in the decomposition of f, we exploit the conditional independence
X2 A X3 | X1 to obtain

xs3 3
Fyo(xs|xg) = / f32(y3|$2)dy3:fz_1<$2)/ fa3(w2,y3) dys
= f2_1(1’2)/ / Ji23(y1, 72, y3) dy1 dys
13)

= fz_l(fz)/ fl(yl)f2|1($2|yl)/3f31(ys|3/1)dy3dy1
= / f ) £ (x2) fra(yr, @2) By (s | yn) dFy (y1)

(254) /_OO Co1 (F2(1’2),F1(Z/1)) 0Cn (%;T?;;fl(yl)) dFl(yl)
B /o cor (Fa(@2), un) 8031(}76551%)7“1) du,

— /0 co1 (Fo(x2),w1) hat (Fs(23), u1) dus.

There is no general closed-form solution for the last integral. If we instead choose
the ordering 3 <4 2 for pa(4) = {2, 3}, we obtain the same decomposition as above

with the roles of vertices 2 and 3 interchanged.

Due to the appearing integral, the pair-copula decomposition in the example cannot
be represented by an R-vine. There are, however, DAG PCCs representable by
R-vines, see Section 3.4 for a four-variate DAG PCC that coincides with a D-vine
PCC. Note that straightforward application of Sklar’s theorem to Equation (1.3)
yields another copula decomposition for f, see Elidan (2010). This decomposition,
however, consists of generally higher-variate copulas and hence leads to statistical

models hampered by the difficulties described in Section 2.2.

3.2 Evaluating conditional cdfs

As shown above, the challenge in Equation (3.2) lies in the evaluation of the con-

ditional cdfs. Assume without loss of generality that D is well-ordered. Let v € V
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and let J C V' \ {v} be non-empty. We will now derive a pair-copula decompos-
ition for the conditional cdf F,;(-|x;). We begin by exploiting the (conditional)
independence restrictions represented by D. To this end, consider the moral graph
G = (Danqoyun)™ It {v} L I]| (J\I)[G] for some non-empty I C J, then the
global D-Markov property in Equation (1.2) yields with K = J\ [

- f{U}UJ(w{v}UJ) . fU|K('T'U \ CI?K) f1|K(5131 | CCK) fK(wK)

Jolr(@y |2 5) = @) i@ | @) fx (@) = foix(zo | TK),

where by convention fyg(xw | 2p) = fw(xw) for every W C V, and fy(xg) = 1.
Thus, F, (- |2s) = Fyx(- | k), and we can continue with the conditioning set K.
The case K = () is trivial. Assume K # (). Observing that

Y vyU vyU d v
Foxly) ) = S B0 33

we next need to find pair-copula decompositions for fryux and fgk.

3.2.1 Pair-copula decompositions for marginal pdfs

More generally, let I C V' be non-empty and consider the (marginal) pdf f;. For

every v € I, we set I_, := I \ {v} and obtain the following lemma.

Lemma 3.2. Let D = (V, E) be a well-ordered DAG on d := |V| vertices, and let P
be an absolutely continuous D-Markovian probability measure on R® with pdf f. Let

I CV be non-empty and let v denote the mazximal vertex in I by the well-ordering
of D. Moreover, define S, := {u € pa(v) ‘ {u} L1, [(DAH({u}ULU))m]} and

@ Z‘fI—v 2@ or Sv:pa(v)>
Wy = ¢ {w } Upa(v;wy) if I_, C pa(v) and I_, # 0,
{wa} Upa(v;ws) else,

where wy and we denote the mazimal vertices in I_, and pa(v) \ S,, respectively, by
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(a) Wy ={w1}Upa(v;wi) (b) Wy=0or W, ={wa}Upa(v;w2) (c) Wy={w2} U pa(v;w2) (d) Wy, =pa(v)

Figure 3.1: Venn diagrams of the sets I_, # 0 and pa(v) # ), and corresponding
definitions of W, (see lower captions).

a given parent ordering <,. Then for all x; = (x,)uer € R,

fr(zr) = /]RW . fow, (o |Zw,) fw,or_, (@w,ur_,) dZw,\1- (3.4)

Note that by convention, [, g(z)dzy = g(z) for every integrable function g: RF —
R, k € IN. Also, the parent ordering <, need not concur with the well-ordering of D.

Proof. As can be seen from the definition of W, the decomposition of f; in the
lemma’s claim depends on the relation between the sets I_, and pa(v). Assume first
that I_, = (). Then f; = f, and the claim is trivial.

Next, assume I_, # () but pa(v) = (). Then S, = ). Since v is maximal in I by the
well-ordering of D, v has no descendants in /_,, and we have {v} L I_, [(Dan))™]-
The global D-Markov property thus yields fi(x;) = f.(x,) fr_, (®;_,), that is, Equa-
tion (3.4) for W, == 0.

From now on assume I_, # () and pa(v) # 0. The possible relations between I_,
and pa(v) are illustrated in Figure 3.1. If I_, C pa(v) (Figure 3.1a), we extend I_,
to W, = {w;} Upa(v;w;) 2 I_, and obtain as claimed

fi(zr) = /W \Ilf{v}UWv(w{v}UWv)dev\I :/ fow, (o | 2Zw,) fw, (Zw,) dBW,\1-
RIWov

RIWo\1]
Note that in case I_, = {w; } Upa(v;w; ), no integration is required since W, \ I = ()

Next, let I_, N pa(v) = @ (Figure 3.1b). If S, = pa(v), then {v} L I_, [(Dan))™]

since v has no descendants in I_,. Hence, we again have f;(x;) = f,(z,) f1_, (x1_,),
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that is, Equation (3.4) for W, = (. If, however, S, # pa(v), then {v} L I, |
W, [(Dan(ruw,))™], where W, := {w,}Upa(v; ws), and the global D-Markov property
yields

frow, (@ow,) = fow, (@0 | 2w,) f1_w, (21, |ZW,) fw, (Tw,). (3.5)

Since I_, N W, = (0, we thus get

fr(zr) = /RWUlvaU(%WWU)fWUUIv(fEWvuu)da?Wu~

Note that in case S, = ), we have W, = pa(v).

Finally, assume I_, N pa(v) # 0 such that I, ¢ pa(v) (Figure 3.1c). Similarly to
Equation (3.5), we obtain with W, := {ws} U pa(v; ws)

frow, (@row,) = fow, (@0 | Zw,) fu_ woyw, (@ w, | Zw,) fw, (®w,)

by the global D-Markov property, and hence

filwr) = / Fuiw (@0 | 2w,) fvsor. (@woor..) e .
RIWo\I|

Note again that in case S, = ), we have W, = pa(v). Also, note that in case

pa(v) C I_, (Figure 3.1d), no integration is required. This establishes the claim. [

The set W, in Lemma 3.2 is either empty or of the form {w} U pa(v;w) for some
w € pa(v). In the latter case, we can express fy{wlupa(u;w)( | T{wlupa(ww)) on the
right hand side of Equation (3.4) in terms of the univariate marginals F,, u € V,

and the (conditional) pair copulas Cy y| pa(wiu), ¢ € pa(v), as follows.

Lemma 3.3. Let the notation be as in Lemma 3.2 and let P have strictly increasing
univariate marginal cdfs. Let I_, # 0 and let S, # pa(v). Then fow,(z, | ®w,),

z, € R, zw, = (Tw)wew, € R, takes the form

fv (xv) H Cv,w|pa(v;w) (Fv\pa(v;w) (xv | mpa(v;w))a Fw|pa(v;w) (J:w | mpa(v;w)) ‘ wpa(v;w)>~
’wer
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Proof. Since I_, # 0 and S, # pa(v), W, is non-empty and thus W, = {u}Upa(v; u)

for some v € pa(v). By Equation (2.5), we can hence write fyw, (2, | Zw,) as

fu (xv) H Cv,w|pa(v;w) (Fv\pa(v;w) (ajv | wpa(v;w))a Fw|pa(’u;’w) (mw | :Bpa(v;w)) ’ azpa(v;w))a
’U)EW'U

and the claim is proven. O

Since all vertices in W, U I_,, are smaller than v by the well-ordering of D and
since V' is finite, we can inductively apply Lemmas 3.2 and 3.3 to the pdf fy,u;_, in
Equation (3.4) until no unconditional pdfs of dimension higher than one remain. Let
J denote the set of vertices corresponding to the integration variables added during
this iterative procedure (and including W, \ ). Given a set O of parent orderings
for D, Lemma 3.2 yields a set W, for every u € I U J. We have hence established

the following theorem.

Theorem 3.4. Let the notation be as in Lemma 3.3. Then

A= [ I flw)

ve(IUJ)

X H Co,wlpa(v;w) (Fvlpa(v;w) (@] ®paoiw))> Fulpawiw) (Tw] Tpaow)) {wpa(v;w)) dz;
weW,

for all x; = (z,)per € R O

Note that in the special case I = V| Theorem 3.4 yields Equation (3.2). Above
procedure for deriving a pair-copula decomposition of f; as given in Theorem 3.4 is

summarised in Algorithm 1.

Example 3.2. Consider the well-ordered DAG G in Figure 3.2. The edges and
parent orderings of G can be summarised in a matrix Ag = (a;j)1<; j<7 Whose ele-
ments satisfy a;; = k, k < |pa(j)|, if G contains the edge i — j and if 7 is the k-th

smallest parent of j by <;, and a;; = 0 otherwise, see Figure 3.2. For the reader’s
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Algorithm 1 Pair-copula decomposition of a (marginal) pdf.

Input Well-ordered DAG D; set of parent orderings O; non-empty vertex set I C V.
Output Factorisation f. % (marginal) pdf fr(x)

1. f+1;

2: J < 0; % indices of integration variables

3: while |I| > 1 do

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:

% Select maximal vertex:
v < maximal vertex in [ by the well-ordering of D;
f — f ’ fv(xv);
I+ 1,
% Determine the set W,:
W« 0
S« {w e pa(v) | {w} L I[(Dangtwon)™]};
if 1 # () and S # pa(v) then
if I C pa(v) then
w < maximal vertex in I by the parent ordering <,;
W« {w} U pa(v; w);
else
w <— maximal vertex in pa(v) \ S by the parent ordering <,;
W« {w} U pa(v; w);
end if
end if
% Introduce corresponding pair copulas and integration variables:
for w e W do
f = [+ Coppatosw) (Fojpagosw) (To | Epago) ) Fujpatw) (To [ pagw)) | Zpa) ) ;
if w ¢ I then
I+ ITU{w};
J +— JU{w};
end if
end for

28: end while
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convenience we omit function arguments. Equation (3.2) yields

f=rfi—-f C21(F2, F1) 031(F3, F1) C42(F4, Fz) C41|2(F4\27 F1|2) 054(F5, F4) 653|4<F5|47 F3|4)
’ 065(F67 F5) 664|5<F6\57 F4|5) 063|54<F6\547 F3\54) 062\543(F6\5437 F2|543) 075(F7, F5)
’ C76|5(F7\57 F6|5) 073|56(F7\56a F3\56)-

We will later derive a pair-copula decomposition for F356. In preparation, we now

use Algorithm 1 to derive pair-copula decompositions for f3ss and fsg.

As a result of applying Algorithm 1 to fs356 and f56, we obtain

J356 = / f6|543 f5|43 f4|21 f3\1 f2|1 frdxyoy
RS

= /3 fe C63|54<F6|547 F3\54) C64|5(F6|57 F4\5) C65(F67 F5) s C53\4(F5\47 F3|4) C54(F5, F4)
R

- facang(Fuajz, Fip2) caz(Fy, Fy) f3 cs1(Fs, F1) fo cor(F2, F1) fidaiog (3.6)

and fs6 = foj5 f5 = f6 ces(L6, F5) f5, respectively, see Table 3.1.

When can ffoo fryuk (o) dz, in Equation (3.3) be further simplified?

Let us now return to the conditional cdf in Equation (3.3). Setting I := {v}UK, the
numerator on the right hand side of Equation (3.3) takes the form [Y_ f;(x;) dz..
Decompose fr(xy) according to Theorem 3.4, and let J denote the set of vertices
corresponding to the newly added integration variables. Clearly, J C An([) \ I. If
the old integration variable z, does not appear as a conditioning variable in one
of the pair copulas C, ypa(wsw), v € 1 U J, w € W, in the decomposition of fr, it
may be possible to solve the integral with respect to x, analytically. More precisely,
let J/ C Jand let W C W = 1_,U.J" be non-empty. Let k = |W’'| and write
W' = {wy,...,wg}. Moreover, set W', = {wy,..., w1} for all i € {1,...k}.
Assume that the (conditional) pair copula Cyuwyw, 1s available in the pair-copula

decomposition of f, that is W', = pa(v;wy) or W', = pa(wy;v), and that (after
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1 2 3 4 5 6 7
1011200 0]
210001040
51000023 3
£10000120
510000011
6000000 2
71000000 0]

Figure 3.2: A well-ordered (vertex labels) DAG G (left) with parent orderings 2 <4 1,
4<53,5 <64 <g3 <g2,5 <76 <; 3 specifying the pair copulas Cyy,
Cs1, Caz, Caj2, Csa, Csza, Cos, Coajs, Cozpsa, Co2isazs Crs, Crejss Crapse
(edge labels), and corresponding representation matrix Ag (right).

f356 I v S I, Cpa(v)? w W J
{3,5,6} 6 0 v 3 {3,4,5} {4}
{3,4,5} 5 0 v 3 {3,4} {4}
(3,4} 4 0 X 1 {12} {1,2,4)
{1,2,3} 3 0 X 1 {1} {1,2,4}
{1,2} 2 0 v 1 {1} {1,2,4}

{1} 1 0 - — 0 {1,2,4}

f56 1 v S I, Cypa(v)? w w J

{5,6} 6 0 v 5 {5} 0
{5} 5 {3,4} — - 0 0

Table 3.1: Vertices and vertex sets obtained during the application of Algorithm 1
to the pdfs f356 and fs¢ corresponding to the DAG D in Figure 3.2.
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possible algebraic manipulation) f; takes the form

k
1 folzy) H Co,wi W, (Fv\W’,i (@ | wW’,)a FwiIW’,i@wi

=1

zy: ) |@w: ) fw(@w) de.

(3.7)
Then Fubini’s theorem and Equation (2.5) yield that [*_ f;(x) dz, takes the form

/RIJ’ howaw', (Fowr (12w ), Fugwr (2w, | 2w ) | 2w ) fw(zw)de,, (3.8)

where the integral with respect to x, was replaced by an h-function which, by
assumption, is available in the pair-copula decomposition of f. Note that some of
the copula pdfs ¢y, w ;@ € {1,...,k — 1}, in Equation (3.7) may not correspond
to an edge in D, but may instead be given implicitly by an integral over further
variables, or may be equal to 1 due to a related Markov property of P, see also the
example below. We need to take these special cases into account when checking the

applicability of the inverse chain rule algorithmically.

It may sometimes also be useful to substitute u,, == Fy,(xy), du, = fu(Ty) dzy, for

all w € J in the pair-copula decomposition of f;, and thus to write

fi(ar) = / o ((Fulwa) g ) [T () .
[O’I]M wel
A similar transformation can be applied to the denominator in Equation (3.3) if

integration variables are present.

Example 3.3. Consider the integral f_oo f356 A associated to the DAG G in Fig-
ure 3.2, which will later appear when deriving a pair-copula decomposition for Fjjs.
Observing that

/ Ja C41|2(F4|2, F1\2) C42(F4> Fz) I3 031(F3> Fl) fa 021(F2> Fl) Jidxio
R2

= /2 f1234 dxiy = f34 = f4 f3 043(F4,F3)7
R
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Equation (3.6) yields

/ f356dl’3=/ /f366354(F6|54>F3|54) C53|4(F5\4>F3|4)043(F4,F3)
—00 -0 J R

 fe CG4|5(F6\57 F4|5) 065(F67 Fs) s C54(F5; F4) fadxy dws.

Note that cy3 is not available in the pair-copula decomposition of f. Since by (2.5)

/ /3 Cﬁ3|54(F6\547 F3\54) 053|4(F5|4, F3\4) 043(F4, F3) dws = h6§|54<F6|547 F3\54)7

we can, however, simplify the integral with respect to x3, and c43 vanishes. We get

/ f356d56’3:/f6h63|54(F6|54,F354) C64|5(F6|57F4\5)665(F67F5)f5c54(F57F4) fadxy.
—00 R
(3.9)

3.2.2 Pair-copula decompositions for conditional cdfs

Summing up, a pair-copula decomposition for the conditional cdf Fyi(-|xk) in
Equation (3.3) is obtained in three steps. First, we apply Theorem 3.4 to fryux
and fx. Second, we possibly apply the inverse chain rule to the integral with respect
to x, in the numerator. Last, we cancel common factors like [], _, fu(7y) in the

numerator and the denominator. The procedure is summarised in Algorithm 2.

As is seen from Theorem 3.4 and Equation (3.8), the factorisation for Fx(-|xk)
obtained from Algorithm 2 may contain some new conditional cdfs. This problem
can, however, be solved inductively. Let w denote the maximal vertex in {v} U K
by the well-ordering of D. Since Algorithm 2 only adds ancestors of {v} U K as
integration variables, all vertices involved in the new conditional cdfs are smaller
than or equal to w by the well-ordering of D. In particular, those conditional cdfs
involving w are of the special form F,jpaguwu)( - | Tpa(wu)) for some u € pa(w), and

can by Equation (2.4) iteratively be expressed as

Fv\pa(w;u) (xv |$pa(w;u)) = hy,u|pa(v;u) (Fv\pa(v;u) (931, ’mpa(v;u) )7 Fu\pa(v;u) ($u|wpa('u;u)) }mpa(v;u))-
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Algorithm 2 Pair-copula decomposition of a conditional cdf.

Input Well-ordered DAG D; set of parent orderings O; vertex v € V' (conditioned
variable), vertex set K C V_, (conditioning variables).

Output Factorisation F. % conditional cdf F,x(y | xx)

1: % Exploit global D-Markov property:

2: while 3w € K: {v} L {w} | K_,, [(Pan(ojur))™] do
3: K+ K_,;

4: end while

5: % Numerator:

6: m Algorithmﬁl(D, O, {v}u K);

7 n [ ndz,;

8: simplify n with inverse chain rule for variable z, if possible;
9: % Denominator:

10: d <+ Algorithm_l(D7 O, K);

11: % Conditional cdf Fyx(y | zk):

12: cancel common factors in n and d;

13: F' < 4;

Hence, all vertices involved in the algorithmically more demanding new conditional
cdfs are strictly smaller than w by the well-ordering of D. Corresponding pair-copula
decompositions for the new conditional cdfs can thus be computed inductively by
again applying Algorithm 2. Since V is finite, the whole procedure terminates
after finitely many steps, and the desired decomposition in terms of only univariate

marginals and (conditional) pair copulas is obtained.

Overall, we observed that the problems of deriving pair-copula decompositions for
a conditional cdf and a marginal pdf are deeply intertwined and can be solved by
alternating iteration. Note that it is sufficient for our purposes to exploit only those
conditional independence properties of P which follow directly from graph separation
in D via the global D-Markov property. Once a complete decomposition for f is
obtained, the evaluation at £ € R? can be performed vertex-by-vertex and parent-
by-parent along the well-ordering of D. That is, given v* € V and w* € pa(v*),
we first evaluate all terms corresponding to the marginals F, and the pair copulas
Cy,wipa(vsw) for v smaller than v* by the well-ordering of D and w <, w* if w* € pa(v),

before evaluating the terms corresponding to F« and Cp« o pa(vs;uw)-
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Example 3.4. For the DAG G in Figure 3.2, we sketch how to apply Algorithm 2 to
obtain a pair-copula decomposition for Fzs6. Note that G contains the edges 3 — 5
and 3 — 6, which is why neither 5 nor 6 can be removed from the conditioning
set. We get Fz56 = f L g, Applying our previous results for f3s¢ and fsq,

—oo fs6
respectively, we further have

fR e h6§|54<F6|547 F3\54) C64|5(F6|57 F4\5) 065(F6> F5) s 054(F57 F4) fadxy

Fiizg = ,
156 fo ces(Fs, I5) f5

see Equation (3.9). Thus, by cancelling common factors, we finally obtain

F3\56 = / h6§\54(F6|547 F3|54) C64|5(F6\57 F4|5) 054(F5, F4) fadxy.
R

The complete pair-copula decomposition for f is given in Appendix B.

3.3 Simulation and ML estimation in pair-copula

Bayesian networks

Given (conditional) pair copulas C, wipawsw) (s * ; Ovwlpaw)); ¥ € V, w € pa(v), with
joint parameter vector @ = (0 wpa(v;w) Jvevwepaw) € ©, above construction yields
a d-variate copula model, which we will denote by {Cp |0 € ©}. Note that for
computational convenience, we again make the simplifying assumption of constant
conditional copulas. Together with families of univariate marginals, {Cp g |0 € O}
constitutes a statistical model which merges the advantages of graphical Markov
modelling with the distributional flexibility of the pair-copula approach. We will

refer to such a model as a pair-copula Bayesian network (PCBN).

3.3.1 Simulation

Write V' = {vy,...,v4} according to the well-ordering of D, and for ¢ € {1,...,d}
set Vo, :={v1,...,v;_1}. Asample u = (uy,,...,u,) € [0,1]¢ from a fully specified

PCBN with uniform univariate margins is obtained by simulating d independent
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uniform [0, 1] variables x1, ..., 24 and applying the quantile transformations
Uy, =T,
) ~1 )
UDQ = FU2|U1 ((L’g | le, 9),
) ~1 )
Upy = FU3|V73(3(;3 luy_,;0),

Uy, = F@iv,d(xd |uy_,; 0).

The order in which the components of w are generated is given by the well-ordering of

D. Solving transformation equation ¢ for x;, we have by the local D-Markov property
XT; = Fv¢|V,i(uvi | uy_,; 9) = Fvi\pa(vi)(uvi | Upa(v;); 0), 1€ {1, S ,d} (310)

Now assume that pa(v;) # 0, and let w denote the largest vertex in pa(v;) by the
parent ordering <,,. Then Equations (3.10) and (2.4) yield

Ty = hﬂ,w|pa(vi;w) (Fvi|pa(vi;w) (U”Ui | Upa(vi;w)s 0)7 Fw\pa(vi;w) (uw | Upa(vi;w)s 0)7 0) . (311>

Since u,, is only contained in the first argument F,,,jpa(v,;0)(---) on the right hand side
of Equation (3.11), we obtain by induction that the only inverse functions needed

in the computation of w,, are the inverse h-functions ht, _
v, w*|pa(vs,w

s W E pa(v;).
Example 3.5. Consider again the well-ordered DAG D in Figure 1.2 with parent
ordering 2 <, 3. Moreover, let xq,...,24 € [0,1]. Straightforward application of

the results in Example 3.1 yields the sampling equations

Uy = T,
-1 .

U = hgl (902, U1 921),
N | .

usg ‘= h§1 (wg,ul, 031),

1
Uy = h;; (h231|2 (9047/0 Ca1 (U2, y1; 021) hai (us, y1; 031) dys; 943|2>, Ug; 942)-
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3.3.2 ML estimation

Let w = (u',...,u"), n € N, be a realisation of a sample of i.i.d. observations

U',...,U" from a random variable U on [0, 1]? with copula family {Cp 4|6 € O}
and uniform univariate margins. The restriction to uniform margins is made along
the same lines as for vine copula models. By Equation (3.2), the log-likelihood

function 1(0; u) takes the form

Z Z Z lOg CU,w\pa(U;w) (Fv|pa(v;w) (US ‘ ul;a(v;w); 0) ; Fw\pa(v;w) ('Lbfu ‘ uga(u;w); 0)7 0) .

k=1 veV wepa(v)

(3.12)
ML estimation of the parameters in Equation (3.12) can be performed using a step-
wise approach similar to the one discussed in Section 2.3. The only difference to vine
copula models is that we iterate over the vertices of D and their respective parents
instead of over the trees of an R-vine. Hence again, in a first step, sequential ML
estimates are computed and in a second step, using the sequential ML estimates as

starting values, joint ML estimates §v,w|pa(v;w), v €V, w € pa(v), are inferred.

Example 3.6. For the PCBN in Example 3.5 we obtain the log-likelihood function

1(0;u) = Z log co1 (ug,ulf; 621) + log ¢z (u’g,ulf; 651) + log ca (ui,ug; 6.2)
k=1

1
+ log C43)2 (h42 (U{L Ug; 942), / C21 (U’S, Y15 921) h31 (Ul;»f, Y1; 6'31) dy; 9432)-
0

3.4 Likelihood inference: A simulation study

An appealing feature of PCBNs is their flexibility gained from using bivariate copulas
as building blocks only. In particular, these models can accommodate distributions
other than the multivariate normal, which is a desirable property in many stat-
istical applications, see, for instance, McNeil et al. (2005, Section 3.1.4). We now
investigate these models’ aptitude for likelihood inference. Again, we restrict our

considerations to PCBNs with uniform [0, 1] univariate margins.
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Copula 1 2 3 4 5 6
Cs C 0.25 0.75 0.75 0.25 0.25 0.25
Cs1 G 0.25 0.75 0.25 0.75 0.25 0.25
Cio t 0.25 0.75 0.25 0.25 0.75 0.25
Cys)2 N 0.25 0.75 0.25 0.25 0.25 0.75
Copula 7 8 9 10 11 12
Cs C 0.25 0.75 0.75 0.25 0.25 0.25
Cs1 C 0.25 0.75 0.25 0.75 0.25 0.25
Cio C 0.25 0.75 0.25 0.25 0.75 0.25
Cysj2 C 0.25 0.75 0.25 0.25 0.25 0.75

Table 3.2: Selected pair-copula families and values of Kendall’s 7 for Cyy, Cs1, Cyo,
and Cyg2. Copulas were chosen from the Clayton (C), Gumbel (G), Gaus-
sian (N), and Student’s t (t) pair-copula families.

3.4.1 Simulation setup

We examined the small sample performance of PCBNs by a simulation study. To this
end, we drew samples from two PCBNs with conditional independence properties
given by the DAG D in Figure 1.2. More precisely, these PCBNs emerge from two
different choices of pair-copula families involved. In either setting, we considered 6
different parameter configurations, resulting in the 12 simulation scenarios described
in Table 3.2. The copula families used (Clayton, Gumbel, Gaussian, and Student’s
t) exhibit notable differences in their dependence structures and tail behaviours.
Within each copula family, a range of values of Kendall’s 7 as a dependence measure
can be obtained by suitable parameter choices. We considered two scenarios in which
all selected copulas have 7 = 0.25, and two scenarios with 7 = 0.75. In each of the 8
remaining scenarios, one copula has 7 = 0.75, while all other copulas have 7 = 0.25.
The degrees-of-freedom parameters of the selected Student’s t copulas were set to
v =5 in order to allow for heavy-tailed dependence. See Table 3.3 for the relations

between copula parameters, TDCs, and Kendall’s 7.

In each of the 12 scenarios we performed N = 100 simulation runs, and in each

simulation run we generated n = 1,000 i.i.d. observations. The sampling procedure
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Copula Clayton Gumbel Gauss Student
Parameter(s) 0.67 6.00 133 4.00 038 092 0385 0925
Kendall’s 7 025 075 025 075 025 0.75 0.25 0.75
Lower TDC Ay, 035 0.89 0.00 0.00 0.00 0.00 0.15 0.15
Upper TDC Ay  0.00 0.00 0.32 0.81 0.00 0.00 0.64 0.64

Table 3.3: Parameters, Kendall’s correlation coefficients, and TDCs of the pair cop-
ulas used in the simulation study. See also Table 2.1.

used was outlined in Example 3.5. For each of the 1,200 runs, we numerically calcu-
lated joint ML estimates of the parameters of the underlying PCBN (as specified in
Table 3.2) and compared them to the respective true parameters. In order to sum-
marise ML estimates within each scenario, we used a common scale by converting
all parameter estimates to estimates of Kendall’s 7, as described in Table 2.1. An
overview of our results in terms of empirical bias and mean squared error (MSE)

with respect to the true value of Kendall’s 7 is given in Figure 3.5.

PCBNs may be viewed as generalisations of Gaussian Bayesian networks as presented
in Section 1.3. By choosing all univariate margins as well as all pair-copula families
in a PCBN based on a DAG D to be Gaussian, we obtain the Gaussian Bayesian
network based on D. The Gaussian DAG PCC corresponding to the DAG of our
simulation study, for instance, is a four-variate Gaussian copula with correlation

matrix
1 P12 P13 Ry

P12 1 P12 P13 P24
P13 P12 P13 1 Ry
Ry P24 Ray 1

R =

Y

where pi2, p13, and poy are the correlations implied by the pair copulas Cyy, Csy,
and Cjyo. Using the conditional correlation psyp implied by the copula Cysj2, we may

represent the correlations R4 and R34 as

P13 P34)2 (1— P%Q) 1 - P%4

R4 = p12 pos + ;
v1-— 0%2 P%:s
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R34 = p12 p13 p2s + p34|2\/1 - P%2 P%g \/1 - P§4-

This representation is based on the conditional independence properties specified
by the DAG D in Figure 1.2 and the iterative formula for partial correlations given
in Equation (1.4). The latter is applicable since partial and conditional correla-
tions coincide for normal distributions (Whittaker, 1990, Section 6.2). Fitting this
Gaussian PCBN to our simulated data sets allows us to compare the estimated
pair-copula parameters to the true parameters of the generating models. To ensure
comparability, we again transform estimated parameters to estimates of Kendall’s 7.
Error estimates in the Gaussian PCBN are interpreted as in the true model, which
we will henceforth refer to as the non-Gaussian PCBN. An overview of these error

estimates is given in Figure 3.5.

As stated in Section 3.1, the PCBN corresponding to the DAG D of our simulation
study cannot be represented by an R-vine. A D-vine featuring the same uncondi-
tional pair copulas C1, C13, and Cyy as our DAG is given in Figure 3.3. It specifies
a D-vine copula model that approximates our PCBN. In the second and third tree,
this D-vine comprises the conditional pair copulas Chsj1, Ciyp2, and Csyjpo. In or-
der to study how well this D-vine copula model approximates the given PCBN,
we performed the following procedure in each of the 1,200 runs of our simulation
study. First, we selected pair-copula families for Ciy, Ci3, Coy, Casj1, Clapz, and
Cs4)12, choosing from the four copula families described in Table 3.3 and the inde-
pendence copula. More precisely, we first computed sequential ML estimates of the
parameters 612, 013, 024, 0142, 0231, and 03415 for the Clayton, Gumbel, Gaussian,
and Student’s t copula, respectively, and then used the AIC to identify the most
appropriate copula families. We included C1o, C43, and Cyy, of which the true fam-
ilies are known, in this procedure to be able to judge the reliability of our selection
criterion. Table 3.4 gives an overview of how often each copula family was selec-
ted. In almost all simulation runs, the families of Ci5, C43, and Cyy were identified
correctly. If Cygy is the independence copula in this model, then the D-vine in
Figure 3.3 yields a PCC satisfying Uy Il Uz | Uy but, in general, fails to satisfy
Uy 1L Uy | Uag as specified by D. If the independence copula does not appear in the
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13/—\12K—\Q4
34[12

Figure 3.3: A four-variate D-vine having the unconditional pair copulas in common
with the DAG PCC derived from the DAG D in Figure 1.2.

Figure 3.4: A complete DAG specifying the same PCC as the D-vine in Figure 3.3
given that none of the associated pair copulas is the independence copula.
Parents were ordered according to 1 <3 2 and 2 <4 1 <4 3.

D-vine copula model, we obtain the same log-likelihood as in the model specified by
the complete DAG in Figure 3.4, which is hence an example of a PCBN that can be
represented by a D-vine. Note, however, that interest with Bayesian networks lies in
capturing conditional independence assumptions and therefore rather in DAGs with
missing edges than in complete DAGs. The approximating D-vine copula model can
be viewed as structurally misspecified model for the given data. Given a choice of
pair-copula families, we then computed joint ML parameter estimates in the D-vine
copula model and compared the maximised log-likelihoods to those obtained in the

Gaussian and the non-Gaussian PCBN. The results are displayed in Figure 3.6.

3.4.2 Results

Since the Gaussian PCBN can be viewed as a misspecified model for the data given
in scenarios 1 through 12, it is not surprising that error estimates in this model

are generally higher than those in the non-Gaussian PCBNs. In fact, Figure 3.5
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Copula 1 2 3 4 5 6 7 8 9 10 11 12

Cia C 100 100 100 100 100 100 100 100 100 100 100 100
G,N,t, I all 0

Ci3 C 0 0 0 0 0 0 100 100 100 100 100 100
G 100 100 99 100 99 98 0 0 0 0 0 0
N 0 0 1 0 1 0 0 0 0 0 0 0
t 0 0 0 0 0 2 0 0 0 0 0 0
I 0 0 0 0 0 0 0 0 0 0 0 0

Cay C 0 0 0 0 0 0 100 100 100 100 100 100
G 0 0 2 0 0 1 0 0 0 0 0 0
t 100 100 98 100 100 99 0 0 0 0 0 0
N, I: all 0

Cup C 3 0 4 1 1 0 95 29 39 100 98 98
G 36 86 36 4 36 98 0 0 8 0 0 0
N o8 0 43 89 54 1 2 6 18 0 2 1
t 3 14 4 6 8 1 3 65 4 0 0 1
I 0 0 13 0 1 0 0 0 31 0 0 0

Cypy C 3 3 1 6 8 2 4 2 5 7 6 3
G 3 3 3 4 ) 4 3 1 ) 4 4 2
N 13 9 7 8 10 10 16 7 10 7 11 14
t 5 1 0 2 5 4 1 1 4 3 1 1
I 76 84 89 80 72 80 76 89 76 79 78 80

Cygi C O 0O 0 13 0 0 100 8 100 31 99 100
G 0 0 0 3 0 0 0 0 0 2 0 0
N 93 22 95 78 93 95 0 0 0 62 0 0
t 7 78 ) 6 7 5) 0 19 0 ) 1 0
I 0 0 0 0 0 0 0 0 0 0 0 0

Table 3.4: For each scenario (column) and run we identified the copula families with

optimal AIC. The resulting frequencies are given.

Frequencies of the

true copula families for Cya, C13, Cay, Cagp1 appear in bold. Copulas were
chosen from the Clayton (C), Gumbel (G), Gaussian (N), and Student’s t
(t) pair-copula families, and the independence copula (I). As an example,
the top left entry of the table states that in all of the 100 runs of scenario 1,
C as a choice for ('3 yields a higher AIC than all other families considered
(G, N, t, I). Also, C is the true copula family for C5 in this scenario.
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Figure 3.5: Bias (left) and MSE (right) of estimates of Kendall’s 7 associated with
copulas Cy;, C31, Cya, Cyzpp. The vertical axes use a transformed log-
scale for better visibility. In each of the 12 scenarios (horizontal axis)
described in Table 3.2, parameter estimates were obtained in the true

(circle) and in the Gaussian (triangle) PCBN using sequential (solid blue
or green) and joint (outline blue or green) ML estimation.
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shows that the estimates of Kendall’s 7 obtained in the Gaussian PCBN are consid-
erably worse than those obtained in the non-Gaussian model. Differences between
these models with regard to bias and MSE for Kendall’s 7 are more pronounced in
scenarios featuring high correlations and asymmetric tail dependence. The smal-
lest difference in performance is thus found in the low-correlation scenarios 1 and
7, whereas in the high-correlation scenarios 2 and 8 the Gaussian PCBN fails by a
huge amount. For instance, in scenario 8 the ratios of biases for Kendall’s 7 in the
non-Gaussian and Gaussian PCBN, respectively, are of order 10 or higher. The
corresponding ratios of MSEs are of order 10? or higher. Note that Figure 3.5, with
its focus on estimation of Kendall’s 7, presents only one aspect in the comparison
between non-Gaussian and Gaussian PCBNs. For instance, estimation of the de-
grees of freedom of a Student’s t copula is neglected in this figure. It is clear that

Gaussian PCBNs are useless when interest lies in the estimation of TDCs, say.

Since DAG and D-vine copula models have different parameter sets, direct com-
parisons of parameter estimates are infeasible. We hence compared maximised log-
likelihoods for the Gaussian and the non-Gaussian PCBN and the D-vine copula
model. Figure 3.6 shows that maximised log-likelihoods in the non-Gaussian PCBNs
are roughly 50% higher than those obtained in their Gaussian counterparts. Even
though the Gaussian PCBN in scenarios 1 to 6 has one parameter less than its non-
Gaussian competitor, this difference in log-likelihood clearly shows the latter model’s
superiority. Figure 3.6 also shows the performance of the approximating D-vine cop-
ula model. As this model and the non-Gaussian PCBN share the same unconditional
pair copulas, it is not surprising that the maximised log-likelihoods in these models
differ mainly in those scenarios with high values of 6432, namely, scenarios 2, 6, 8,
and 12. In other words, the effects of structural misspecification are primarily no-
ticeable in those 4 scenarios. Note, however, that the D-vine copula model involves a
higher number of parameters than the non-Gaussian PCBN and that its maximised

log-likelihood is always slightly inferior to that of the latter model.

The average computation time for joint ML estimation in the non-Gaussian PCBN

was 12 seconds in scenarios 1 through 6 and 5 seconds in scenarios 7 through 12 on
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Figure 3.6: Kernel density estimates of the maximised log-likelihoods in 100 runs for
each scenario (Table 3.2) based on the Gaussian PCBN (dashed), the
non-Gaussian PCBN (solid), and the D-vine copula model (longdash).
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a 2 GHz dual-core computer with 2 GB of RAM. Fitting the D-vine copula model
instead reduced computation time by about 70% in scenarios 1, 3, 4, 5, and 6, and
by about 90% in scenarios 7, 9, 10, 11, and 12. This difference in computation time
is due to the numerical integration involved in computing joint ML estimates for
the non-Gaussian PCBN. In the high-correlation scenarios 2 and 8, however, ML
estimation in both models was performed equally fast. Overall, there is an increase in
computation time when using the non-Gaussian PCBN instead of the D-vine copula

model, but it is small compared to the associated gain in statistical precision.

Besides maximised log-likelihoods, we also investigated how well the three models
capture rank correlations of the bivariate margins U4, Uss, and Usy, which were
not directly included in our DAG and D-vine PCCs. To this end, we performed
the following procedure in each run. First, we computed estimates 714, To3, and T4
of Kendall’s 7 for the three margins. Then we generated a sample of n = 1,000
i.i.d. observations from the Gaussian PCBN, the non-Gaussian PCBN, and the D-
vine copula model, respectively, using the joint ML parameter estimates obtained
before. For each of these samples we again computed estimates of Kendall’s 7 and
compared the results to T4, To3, and T34, respectively. Figure 3.7 gives an overview
of our findings in terms of empirical bias and MSE for each scenario. The patterns
described by these error estimates resemble those of the maximised log-likelihoods
summarised above, and hence yield similar conclusions. The range of bias and MSE

values is roughly the same as in Figure 3.5.

In order to check whether our findings are valid for smaller sample sizes, we conduc-
ted an additional simulation study in which each simulation run contained n = 500
(as opposed to n = 1,000) observations. As far as estimation of Kendall’s 7 is con-
cerned, we found biases similar to those in Figures 3.5 and 3.7, while MSEs tended
to be twice as high as those given in Figures 3.5 and 3.7. The comparison between
Gaussian and non-Gaussian PCBNs may be summarised along the same lines as
above. By comparison with its competitors, the performance of the vine copula

model decreases for smaller sample size and is subject to higher variability.

The main conclusion from our simulation study is that non-Gaussian PCBNs are
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Figure 3.7: Bias (left) and MSE (right) of estimates of Kendall’s 7 associated with

margins U4, Usz, Usy. The vertical axes use a transformed log-scale for
better visibility. In each of the 12 scenarios (horizontal axis) (Table 3.2),
estimates of Kendall’s 7 were compared to estimates of Kendall’s 7 ob-
tained from samples generated from the Gaussian PCBN (triangle), the
non-Gaussian PCBN (circle), and the D-vine copula model (diamond).
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capable of capturing features in data that neither Gaussian PCBNs nor vine copula
models can reflect. Gaussian PCBNs exhibit particularly poor performance in pres-
ence of non-normal tail behaviour. Vine copula models are not sufficiently flexible
to observe certain Markov properties. Both non-normality and Markov properties

are easily incorporated into our non-Gaussian PCBNs.



4 Model selection

Model selection for PCBNs involves estimation of the DAG D = (V, E), selection of
the set O of parent orderings, and selection of the pair-copula families for C', v |pa(v;w)
v € V, w € pa(v). In this chapter, we investigate structure estimation in PCBNs
using the PC algorithm (Spirtes and Glymour, 1991). To this end, we introduce a
novel test for conditional independence that is based on vine copula models. The
performance of our structure estimation procedure is examined in a simulation study.

Moreover, we develop routines for selecting O and pair-copula families.

4.1 Structure estimation

The first task of modelling the joint distribution of a given set of variables with a
Bayesian network is to identify the DAG D = (V, F) specifying the Markov structure
of the variables. A convenient approach to defining D is the use of expert knowledge.
However, the scope of this approach is rather limited since expert knowledge is often
incomplete or unavailable. Data-driven structure estimation algorithms provide a
computer-based alternative to elicited expert knowledge. Robinson (1973) has shown
that the number ngy of DAGs on d := |V/| labelled vertices is given by the recurrence

equation
a d
Ng = 1, ng = Z(—l)kil (/{;) Qk(dik) nNg—r-
k=1

Since n, grows super-exponentially in d, a systematic trial of all possible DAGs on
V' is infeasible, and thus efficient searching algorithms are required. A consider-
able number of structure estimation algorithms has been proposed over the last two

decades, see Neapolitan (2003, Chapters 8 — 11) and Koller and Friedman (2009,

57
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Chapter 18) for an overview. The majority of these algorithms follow one of the two
estimation approaches predominant in the literature: the constraint-based and the
score-and-search-based approach. In the constraint-based approach, D is inferred
from a series of conditional independence tests. In the score-and-search-based ap-
proach, D is found by optimising a given scoring function—like AIC or BIC—over a
suitable search space, for instance, the space of all DAGs or the space of all Markov-
equivalence classes. Besides, there exist hybrid algorithms which combine both
approaches. Unfortunately, available implementations of aforementioned algorithms
are mainly confined to discrete or Gaussian models and are hence not suited for our

non-Gaussian continuous Bayesian networks.

4.1.1 The PC algorithm

We will provide a structure estimation algorithm that is particularly suited to finding
the DAG D underlying a non-Gaussian continuous Bayesian network. Our algorithm
is a version of one of the most popular constraint-based estimation algorithms, the
PC algorithm (named after its inventors Peter Spirtes and Clark Glymour), see
Spirtes and Glymour (1991) and Spirtes et al. (2000, Section 5.4.2). To fix notation
and for the reader’s convenience, we now recall the PC algorithm. Let P be an
absolutely continuous D-Markovian probability measure on [0, 1]? with uniform uni-
variate margins. The restriction to uniform margins is made along the same lines as
in Section 3.3. Moreover, let u = (u',...,u"), n € N, be a realisation of a sample of
i.i.d. observations U*,...,U" from a random variable U distributed as P. The PC
algorithm for estimating D from w involves three major steps in which the complete
UG G on V is gradually transformed into a CG G* on V, which is supposed to be
the essential graph D¢ corresponding to the Markov-equivalence class [D] of D. The

resulting CG G* can then be extended to a DAG as outlined in Section 1.2.

In the first step of the PC algorithm, a series of tests for conditional independence is
performed on w. More precisely, for all distinct vertices i, 7 € V' and chosen vertex
sets K C V' \ {4,;}, the null hypothesis Hy: U; 1L U; | Uk is tested against the

general alternative Hy: U; )L U; | Uk of conditional dependence. Given a suitable



4.1 Structure estimation 59

independence test of choice, we denote the test decision at significance level a € (0, 1)
by To(u;, u;;ur) € {Hp,H;}. We will later introduce a novel class of conditional
independence tests that is particularly tailored to the algorithm and applicable to
non-Gaussian continuous data. If T, (u;, u;;ux) = Ho, the edge i — j is removed
from G and the conditioning set K is stored in two variables S;; and Sj; for later
use. As a result of the first step, G is turned into the skeleton of G*. Step one is

summarised in Algorithm 3.

In the second step, G is transformed into a CG by introducing a v-structure ¢ — k
< j whenever i and j are non-adjacent, k € ad(i) Nad(j), and & ¢ S;;. In the
last step, G is transformed into G* by directing further edges of G to prevent new
v-structures and directed cycles, until no more edges need direction. Steps two
and three are given in Algorithm 4, where the third step was taken from Pearl
(2009, Section 2.5). If P is faithful to D and if all statistical test decisions made
in Algorithm 3 are correct, then Algorithm 4 will return the correct graph D¢, see
Meek (1995). Due to the finite sample size or the existence of hidden variables,
the application of Algorithm 3 to empirical data may sometimes, however, lead
to conflicting information about edge directions. That is, it may be possible in a
given situation that Algorithm 4, while introducing v-structures, first orients an
undirected edge ¢+ — j into ¢ — j, and later tries to introduce the opposite edge
direction ¢ <— j. In such a situation, we keep ¢+ — j and skip the new v-structure
including 7 <— 7. We can test whether the resulting CG can still be extended to a
DAG without introducing new v-structures or directed cycles using the algorithm
by Dor and Tarsi (1992). The PC algorithm can also be adapted to incorporate
existing expert knowledge, see Meek (1995) and Moole and Valtorta (2004). We will
henceforth assume that P is faithful to D and that there are no hidden variables.

4.1.2 Testing conditional independence using partial

correlations

The centrepiece of the PC algorithm—as of any constraint-based estimation algo-

rithm—is the test for conditional independence. In a Gaussian framework, the test
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Algorithm 3 PC algorithm: finding the skeleton.
Input Data set u; significance level a € (0, 1); conditional independence test with
test decision Ty (u;, uj;u) for Ho: U; L U; | Uk, i #jeV, K CV\{i,j}.
Output Skeleton G=(V, Eg); separation sets S;j, 1 # j € V, (i,) ¢ Eg, (J,1) ¢ Eg.
1: G < complete UG on V;
2: k< 0;
3: repeat
4: for i € V and j € ad(i) do % i and j are adjacent in G

5: if T, (u;, uj;uk) = Hp for any K C ad(i) \ {j} with |K| = k then
6: delete ¢ — j from G;

7 Sij — K,

8: Sji — K,

9: end if

10: end for
11: k <+ k+1.
12: until |ad(i)] < k for alli e V.

Algorithm 4 PC algorithm: introducing edge directions.
Input Skeleton G = (V, Eg); separation sets S;;, i # j € V, (4,7) ¢ Eg, (j, i) ¢ Eg.
Output Chain graph G.

1: % Introduce v-structures:

2: fori € V and j ¢ ad(i) and k € ad(i) Nad(j) do

3: if & ¢ S;; then

4: replace i — k — j by i — k « jin G;

5: end if

6: end for

7: % Orient as many undirected edges as possible by repeated application of the
following rules:

8: repeat

9: R1 orient j — k into j — k whenever G contains ¢ — j and k ¢ ad(i);

10: R2 orient ¢ — j into ¢ — j whenever G contains i — k — j;

11: R3 orient ¢ — j into ¢ — j whenever G contains ¢ — k — j and ¢ — [ — 7,

and [ ¢ ad(k);
12: until no more edges can be directed;
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of choice is usually a test for zero partial correlation p;;.x, see, for instance, Anderson
(2003, Section 4.3). The null hypothesis then translates into Hy: p;;.x(X;, X;; Xk) =
0, where X = ®1(U,) for all k € V, and ® denotes the univariate standard
normal cdf. Here, the quantile function ®~! is applied to U in order to transform
the uniform univariate copula margins to standard normal margins. The conditional
independence test is based on the asymptotic normality

- 1 1+ piyr (XT, X7 X)
Vd—|K|-37%, —= N(0,1), =1 - :

of the Fisher’s z-transformed partial-correlation estimator p;;.x under Hy, see again
Anderson (2003, Section 4.3). Here, £ denotes convergence in distribution, N(0, 1)
is the univariate standard normal distribution, and X7} = (®~1(U}),..., ®~(U}))
for all £ € V. Kalisch and Biihlmann (2007) have proven uniform convergence of the
PC algorithm under joint normality and a mild sparsity assumption for the underly-
ing DAG, cf. also Harris and Drton (2012). An implementation of the PC algorithm
with above partial correlation test is available in the R package pcalg (Kalisch
et al., 2012). The pcalg package also provides an interface for self-implemented

conditional independence tests.

4.1.3 Vine-copula-based conditional independence test

Above test for zero partial correlation was derived under the assumption of joint nor-
mality. We now introduce a copula-based alternative test for conditional independ-
ence that is also applicable to non-Gaussian continuous data. Assume K # (). Oth-
erwise, the problem reduces to testing ordinary (unconditional) stochastic independ-
ence. Let F, (-, |vk) denote the conditional cdf of U; and U; given Uk = v,
and let C; jix(+,-|vk) be the corresponding conditional copula. Moreover, let C*-
again denote the independence copula on [0,1]>. The conditional independence
U; 1L U; | Uk holds if and only if

Fy i (i, 05| vx) = Cy i (B (v | vk), Fic (v | ve) | i)

= Fix(vi|vi) Fjix(vj [vE)
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for all v;,v; € [0,1] and Pg-almost all v € [0, 1)1, where Ug ~ Pg. Hence, the

null hypothesis of the conditional independence test can be stated as
Ho: Cijix(-,|vg) =C*(-,) for Pg-almost all vy € [0,1]/%].

Using again the simplifying assumption that C; k(- ,-|vk) depends on vg only
through Fx(-|vk) and Fjjk(-|vk), we drop vg from C; ik (-, |vk) and approx-
imate Hy by the more accessible null hypothesis Hg: C ik (-, ) = C*(+,-). The
new null hypothesis Hj can be tested using any test for ordinary (unconditional)
stochastic independence of two continuous random variables applied to the trans-
formed observations Wzl‘ Koo Wi and I/V]1| Ko s Wik, where

Whe = Fyc(UF|U%) and Wh = Fye(UF|UY), ke {l,...,n}. (41)
Song (2009) called Equation (4.1) the Rosenblatt transform after Rosenblatt (1952),
while Bergsma (2011) called it the partial copula transform. Given a realisation
u of (Ul, e U"), the difficulty of this approach lies in the computation of the
transformed realisations w;  and wjjx, where wﬁK = Fy(uf ! uf) and wf‘K =
Fjiic (uf |uk) for all k& € {1,...,n}. Note that the conditional cdfs Fjx(-|vk)
and Fjx(-|vg) are typically unknown and need to be estimated in the course of
the testing procedure. Bergsma (2011) suggested the use of non-parametric kernel
estimators for this task. By contrast, we propose a parametric estimation method

that is based on vine copula models.

Estimating conditional cdfs using vine copula models

Taking another look at vine copula models, we observe that transformed realisations
like w; x and w; x naturally emerge in the log-likelihood function. In fact, given any
distinet i, 7 € V and K C V' \ {4, j}, it is always possible to construct a regular vine
V=(T1,...,T,), p = 1+|K], in which tree T} has vertex set V; = {i}U{j} UK and
tree T), is of the form i,l|K_; HlK j,m|K_,, for some [, m € K. The corresponding
log-likelihood function l(@;u{i}u{j}uK), 0 < O, contains the pair-copula pdf ¢; jix
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Figure 4.1: A C- (left) and a D-vine (right) on five vertices having the same edge
label 15/234 in tree Ty. A corresponding R-vine is given in Figure 2.2.
The three vines were constructed according to rule R with ¢ = 1 and
j = 5. Boundaries of nodes including either 1 or 5 appear in bold.

with arguments FﬂK(uf ‘ ub; 0) and Fj|K(u;? ‘ uk; 0) for all k € {1,...,n}. Thus,
by computing an ML estimate 0 of 6 and subsequently evaluating [ at 5, we obtain
estimates @}, = Fjx (uf | uf;;6) and Wy = Fjjre (uf | ul; 6) of Wi and Wi,

respectively, as a welcome side effect.

We call a vertex v in Tree T,, ¢ € {1,...,p — 1}, an inner vertezx if |ad(v)| > 2. In

order to construct such a vine V, we have to follow one simple rule:
R Neither ¢ nor j may be part of an inner vertex in trees 73, ...,7,_1 of V.

Following R, it is even possible to restrict the class of R-vines to C- or D-vines. The
only inner vertices of a C-vine are the root vertices of the trees 71, ...,7,_;. Thus, in
a C-vine obeying R, 7 and j do not appear in the root vertices of the respective trees.
Similarly, in a D-vine obeying R, ¢ and j only appear in the boundary vertices of
trees T, ..., T,_;. Figures 2.2 and 4.1 give an example of a C-, a D-, and an R-vine,

respectively, having the same edge label in tree T,,.

The tree structure of V can be estimated from wjugur by adapting the greedy
search strategies described in Section 2.3 to the new constraint R. An optimal C-
vine obeying R is found by restricting the sets of possible root vertices for trees
Ti, ..., T, to vertices containing neither 7 nor j, respectively. In order to find an

optimal D-vine obeying R, the unconstrained TSP usually solved has to be replaced
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by a constrained TSP with fixed source vertex ¢ and destination vertex j. Finally,
an optimal R-vine obeying R is found by first estimating a smaller R-vine Vj with
first tree vertices K. Having found Vg, vertex ¢ is then connected to a vertex
[ € K in tree T such that the new edge ¢ — [ has optimal edge weight amongst all
possible edges ¢ — m for m € K. The same is done for vertex j. Note that this
way, j cannot be connected to i. The newly formed structure is then sequentially
transformed into V by analogously extending the remaining trees 715, ...,T,, such
that the proximity condition and R are always satisfied and the corresponding edge
weights are optimised. Copula selection and ML estimation in the resulting vine

copula model is then performed as usual.

Conditional independence tests

Summing up, we test the conditional independence U; 1L U; | Uk in three steps.
In the first step, we construct a vine V on the vertices {i} U {j} U K by applying a
modified version of one of the structure estimation algorithms described in Section
2.3 to ugyugjiuk- In the second step, we select corresponding pair-copula famil-
ies, perform ML estimation in the resulting model, and evaluate the log-likelihood
function [ at the estimated parameter vector 6 to obtain transformed realisations
Wk = (aﬁK)1<k<n and wjjx = (wflK)1<k<n’ respectively. In the last step, we
apply a test for ordinary stochastic independence of two continuous random vari-
ables to w;x and wjx. Note that in the first iteration step of Algorithm 3, only
unconditional independences, that is K = (), are tested, and thus the independence

test of choice is directly applied to u.

We examine the performance of our novel testing procedure in a simulation study
in the next section, using three different tests for ordinary stochastic independence.
Recycling notation, consider the null hypothesis Hy: U; L U; vs. Hy: U; )L U;. The
first test used is a test for zero Kendall’s 7 with null hypothesis Hj: 7(U;, U;) = 0 vs.
Hi: 7(U;,U;) # 0. Under Hy, the Kendall’s 7 estimator 7,, exhibits the asymptotic
normality

Inn—1) c
——= 7,(U;,U;) —— N(0,1),
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where U; = (Uil, cee Ui") and U, = (Ujl, cee Uf), see Hollander and Wolfe (1999,
Section 8.1). In general, 7(U;,U;) = 0 does not imply U; 1L U;. However, for
many popular copula families like the Clayton, the Gaussian, and the Gumbel cop-
ula families, Hy and H{ are equivalent. The family of Student’s t copulas serves
as a counterexample. We then consider Hj an approximation for Hy. The other
two independence tests used in Section 4.2 are of Cramér-von Mises type. More
precisely, independence test number two is the test for zero Hoeffding’s D proposed
by Hoeffding (1948). P-values of the sample test statistic lA)n are computed using
the asymptotically equivalent sample test statistic En by Blum et al. (1961), see
also Hollander and Wolfe (1999, Section 8.6). Independence test number three is
the test by Genest and Rémillard (2004) based on the empirical copula process.

4.2 Structure estimation: A simulation study

We conducted an extensive simulation study to examine the small sample perform-

ance of the PC algorithm in finding the true Markov structure underlying a PCBN.

4.2.1 Simulation setup

We drew samples from various PCBNs based on the conditional independence prop-
erties represented by the DAG D in Figure 1.2. These PCBNs emerged from various
choices of pair-copula families for Cy;, Cs1, Cya, and Cjysj2. More precisely, we chose
from the Clayton, Gumbel, Gaussian, and Student’s t pair-copula families. These
copula families exhibit considerable differences in their dependence structures and
tail behaviours. We considered four PCBNs with all four pair copulas Cy, Cs1,
Cy2, and Cyzjp coming from the same copula family, respectively. Additionally, we
considered 24 PCBNs with each pair copula Cyy, C31, Cyz, and Cyzp coming from a
different copula family. Our choices of pair-copula families are given in Table 4.1.
For each choice of pair-copula families we then considered 16 different parameter
configurations arising from a selection of two different parameter values for each

pair copula. The parameter values for each pair copula were chosen to correspond
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to values of Kendall’s 7 of 0.25 and 0.75, that is one low and one high rank correlation

specification. These configurations are summarised in Table 4.2.

Our selection of copula parameters is based on the bijective relationship between
the parameters of the Clayton, Gumbel, and Gaussian pair-copula families and the
corresponding Kendall’s 7. For the Student’s t copula, such a bijective relationship
exists only between the correlation parameter and Kendall’s 7, which is why we set
the degrees-of-freedom parameter of each Student’s t copula to ¥ = 5 in order to al-
low for heavy-tailed dependence. See Table 3.3 for the relations between parameters,

TDCs, and Kendall’s 7 for each pair copula used in the simulation study.

Summing up, we have 28 different PCBNs with 16 different parameter configura-
tions each, that is, 448 simulation scenarios. In each of the 448 simulation scenarios
we performed N = 100 simulation runs, and in each simulation run we generated
n = 1,000 i.i.d. observations. For each of the 44,800 runs we applied the PC al-
gorithm with the ten different conditional independence tests described in Section
4.1.3. Those were the widely used test for zero partial correlation (COR) and our
novel vine-copula-based tests using either only C-vines (C), or only D-vines (D), or
more generally R-vines (R), respectively, together with one of the Kendall’s 7 (K),
Hoeffding’s D (H), or Genest and Rémillard (GR) tests for ordinary (unconditional)
stochastic independence. Since zero partial correlation is generally not equivalent
to conditional independence, we consider COR only an approximate conditional in-
dependence test serving as a benchmark. In a Gaussian framework, however, zero
partial correlation is equivalent to conditional independence. This equivalence holds
in particular in the scenarios featuring only Gaussian pair copulas, in which case
the respective joint copula families are also Gaussian. The corresponding correlation

matrices were derived in Section 3.4. Each test was performed at the 5% level.

4.2.2 Results

Let Gy .+ denote the CG obtained from applying the PC algorithm with conditional
independence test ¢ € {COR, C-GR, C-H, C-K, D-GR, D-H, D-K, R-GR, R-H, R-K}
to the data simulated in run r € {1,...,100} of pair-copula scenario f € {1,...,28}
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Copula 1 2 3 4 5 6 7 & 9 10 11 12 13 14
Cy c 6 N ¢t C C C C CcC C G G G G
Cs c G N t G G N N ¢ t C C N N
o C G N ¢t N t G t G N N t C ¢
o C G N t t N t G N G t N t C
Copula 15 16 17 18 19 20 21 22 23 24 25 26 27 28
Co G G N N N N N N ¢ t t t t t
Ca1 t t C C G G ¢t t C¢C C G G N N
Cao c N G ¢t C t C G G N C N C G
Cys)2 N C ¢+ G ¢t C G C N G N C G C

Table 4.1: Selected pair-copula families for Cyy, C31, Cya, Cy3j2. Copulas were chosen
from the Clayton (C), Gumbel (G), Gaussian (N), and Student’s t (t)
pair-copula families. See Tables 4.2 and 3.3 for further details on the
pair-copula families used.

Copula 1 2 3 4 5 6 7T 8 9 10 11 12 13 14 15 16

Ca 0.25 0.75 0.25 0.25 0.25 0.75 0.75 0.75 0.25 0.25 0.25 0.75 0.75 0.75 0.25 0.75
C31 0.25 0.25 0.75 0.25 0.25 0.75 0.25 0.25 0.75 0.75 0.25 0.75 0.75 0.25 0.75 0.75
Ci2 0.25 0.25 0.25 0.75 0.25 0.25 0.75 0.25 0.75 0.25 0.75 0.75 0.25 0.75 0.75 0.75
Cyzj2 0.25 0.25 0.25 0.25 0.75 0.25 0.25 0.75 0.25 0.75 0.75 0.25 0.75 0.75 0.75 0.75

Table 4.2: Selected values of Kendall’s 7 for each choice of pair-copula families for
Co1, Cs1, Caa, Cyzjp. See Tables 4.1 and 3.3 for further details on the
pair-copula families used.
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(see Table 4.1) and parameter configuration p € {1,...,16} (see Tables 4.2 and 3.3).
We compared each CG Gy, to the true essential graph D in Figure 1.2, and set
Trprt = 1 if Gppry equalled D¢ and 7y, = 0 otherwise. For each pair-copula
scenario f and each conditional independence test ¢, we then computed the relative
frequency of recovering the correct structure over all parameter configurations p
and all runs r, which we will denote by 7y = s 2;6:1 S0 T prs. Moreover,
we determined the structural Hamming distance (SHD) (Tsamardinos et al., 2006)
O¢prt between each CG Gy, and D, In short, dy,, ., counts the number of edges
that need to be added to, removed from, directed in, or flipped in Gy, .+ in order to
obtain D¢. Hence, d;,,,, takes a value between zero and (“;') = 6. We again took the
average over all parameter configurations p and all runs r, yielding the mean SHD
Ot = Tos Z;lf; 190 8f.prs for each pair-copula scenario f and each conditional

independence test £. The results are given in Figures 4.2 and 4.3, respectively.

Let us first consider Figure 4.2. The relative frequencies 7 cor range between 14%
and 63%, whereas for the vine-copula-based tests, 7, ranges between 40% and
64%. COR was outperformed by at least one vine-copula-based test in 18, and
by all vine-copula-based tests in 15 out of the 28 copula scenarios. The lowest
frequency of 14% was obtained when applying the PC algorithm with COR to the
data sets generated in copula scenario 1 (numbering as in Table 4.1), which features
only Clayton, that is non-elliptical, copulas. By contrast, COR showed a solid
performance in the elliptical-copulas-only scenarios 3 and 4, which is not surprising
given that COR is based on the partial correlation. In 9 out of the 28 copula
scenarios, 7scor is lower than 40%, which is the minimum frequency obtained for
the vine-copula-based tests. Also, in these 9 scenarios, the difference in relative
frequencies between COR and the vine-copula-based tests ranges between 9 and 33
percentage points. The highest frequency of 64% was obtained in copula scenario 15
both for the PC algorithm with C-GR and C-H, respectively. Taking means over all
28 copula scenarios, we obtain the overall relative frequencies 7; := % 23821 myy for
all tests t. These overall frequencies range between 50% and 53% for the vine-copula-
based tests, while Tcor = 45%. The best performances were again achieved by C-GR

and C-H. However, we recommend using the R-vine-based conditional independence
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Figure 4.2: Percentage 7, of runs in which the PC algorithm returned the correct

Markov structure for each choice f of pair-copula families for Cyq, C3q,
Ciz2, Caz)2 (legends) and each independence test ¢ (horizontal axes) (1,600
runs each). Copulas were chosen from the Clayton (C), Gumbel (G),
Gaussian (N), and Student’s t (t) pair-copula families. The percentage

of correct recoveries out of all 28 copula scenarios is given in solid grey.
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Figure 4.3: Average structural Hamming distance (SHD) &y, between the true es-
sential graph D¢ and the CG Gy, returned by the PC algorithm for

each choice f of pair-copula families for Cy, Cs1, Cua, Cugo (legends)

and each independence test ¢ (horizontal axes) (1,600 runs each). Cop-

ulas were chosen from the Clayton (C), Gumbel (G), Gaussian (N), and
Student’s t (t) pair-copula families. The average SHD over all 28 copula
scenarios is given in solid grey.
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tests in higher dimensions since these offer more general tree structures than their C-
and D-vine counterparts. Moreover, we observe that choosing H instead of GR as test
for unconditional stochastic independence has only little effect on the performance
of the vine-copula-based tests. By contrast, relative frequencies were, on average,
slightly worse when using K instead of GR and H, respectively. Since zero Kendall’s
T is generally also not equivalent to stochastic independence, we recommend using
GR and H. Note that in a given copula scenario f and a given parameter scenario
p, the relative frequencies 7s,; = ﬁzgol Tfprt can be a lot higher than the
averages displayed in Figure 4.2. We observed frequencies 7y, of up to 98%. To
sum up, using a vine-copula-based conditional independence test instead of COR
leads to more reliable structure estimates, in particular when the data exhibit non-

Gaussian, asymmetric dependence.

Considering only the correctly recovered Markov structures may be a too crude
performance measure. Hence, the mean SHDs 0y, in Figure 4.3 illustrate how much
the results of the PC algorithm differ from the true essential graph D°. For the
vine-copula-based tests, d;; ranges between 0.62 and 1.03. The respective overall
means 0; ‘= % 2?8:1 ds4 lie between 0.79 and 0.84. Thus, on average, the results of
the PC algorithm differ by less than one edge from D¢. That is, if the PC algorithm
yields a CG that is not equivalent to D¢, then, with a high probability, CG and D¢
are not too different. The lowest values of §; were again obtained for C-GR and
C-H. Similarly, 6 cor ranges between 0.63 and 2.44, and dcor = 0.98, which again
shows the superiority of the vine copula approach. The worst mean SHD of 2.44
was obtained in copula scenario 1. Overall, we can say that the PC algorithm with
either of the 9 vine-copula-based conditional independence tests provides a suitable

procedure for structure estimation in PCBNs.

We repeated the simulation study both for a significance level a of 1% and for a
sample size n of 500. For a = 1%, we obtained results similar to the ones described
above for a = 5%. The overall relative frequencies m; were slightly lower, ranging
from 44% to 47% for the vine-copula-based tests, while mcor was 43%. Also, the

overall mean SHDs §; ranged between 0.86 and 0.94 for the vine-copula-based tests,
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while mcor was 0.99. The reduction in sample size to n = 500, on the other hand,
lead to a slightly stronger decrease in the overall relative frequencies 7y, which then
ranged between 39% and 41% for the vine-copula-based tests, while mcor was 37%.
Similarly, the overall mean SHDs 4, ranged between 1.07 and 1.11 for the vine-
copula-based tests, while mcor was 1.17. Yet, both for a = 1% and for n = 500,
the CGs returned by the PC algorithm differed on average from D¢ by only one
edge. The performance of the PC algorithm can thus be deemed reliable and ro-
bust. In future research, one may investigate the performance of other conditional

independence tests like Zhang et al. (2011), as well as of other estimation algorithms.

4.3 Ordering the parents of a DAG

Given the DAG D = (V, E) and a set O of parent orderings, the selection of pair-
copula families for C,, ypa(wiw), ¥ € V, w € pa(v), can be performed in a similar way
as in Section 2.3 for vine copula models, with the difference that the iteration is

vertex-by-vertex and parent-by-parent instead of tree-by-tree.

For the selection of O we propose a greedy-type procedure inspired by the structure
selection algorithm for vine copula models outlined in Section 2.3. Clearly, an or-
dering of the parents of a vertex v € V is only required if pa(v) # ). We assume
that D is well-ordered. Let v € V and assume k = |pa(v)| > 1. Moreover, let
i €{1,...,k} and assume that we have already selected the ¢ — 1 smallest parents
of v, denoted by w; <, --- <, w;_1. This implies that we have already selec-
ted pair-copula families for Cy« yjpa(u*;w), v* smaller than v by the well-ordering of
D, w € pa(v*), and Cyu;pausw;), J < i Also, this implies that we have inferred
corresponding ML parameter estimates, which we summarise in the vector 0. Let
W_; = {wy,...,w;i—1}. The selection of w; is performed in three steps. First,
we compute the pseudo-observations Fyy_, (ul | ufy_; @ and Fyu_, (uf | ufy @,
ke {1,...,n}, for all w € pa(v) \ W_;. Note that for i = 1, nothing needs to be
done since all univariate marginals are uniform on [0, 1]. Second, we assign a weight
Wy to every edge w — v, w € pa(v) \ W_;, based on the previously calculated

pseudo-observations, and choose w; such that w; — v has optimal edge weight.
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Suitable weights are, for instance, the absolute values of estimates of Kendall’s 7, or
AIC or BIC values of selected pair-copula families with estimated parameters. Last,
we select a pair-copula family for C, u, pa(vw;) and compute an ML estimate of the
corresponding parameter(s). Again, this last step may have already been performed

when computing the edge weights wy, .






5 Data applications

PCBNs can accommodate a great variety of distributional features to be modelled
such as heavy-tailedness and non-linear, asymmetric dependence, while, at the same
time, they can capture pre-specified Markov properties (as given by a DAG). In this
chapter, the routines presented in earlier sections are applied to modelling financial
return data. Moreover, we develop strategies for reducing the computational effort

potentially involved in evaluating the log-likelihood of a PCBN.

5.1 German and US stock and bond market indices

As a real-world application, we applied PCBNs to a four-variate financial data set
comprising US and German stock and bond market indices. More precisely, we
modelled the dependence structure of daily log-returns of the Dow Jones Industrial
Average (DJI), the Dow Jones Corporate Bond Index (DJCB), the German stock
index (DAX), and the corresponding German corporate bond index (RDAX) from
3 April 2007 to 30 September 2010 (n = 854 observations). US indices are given in
US Dollars and German indices in Euros, that is, we did not correct the data for

exchange rate fluctuations. Figure 5.1 shows the four time series of daily log-returns.

5.1.1 Univariate time series models

Using the inference functions for margins method outlined in Section 2.3, we mod-
elled univariate marginal distributions without regard to the dependence structure
between variables. We first removed serial correlation in the four time series of log-
returns by applying an AR(1)-GARCH(1,1) filter, which accounts for conditional

75
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p [x103] a w [x10°] « g v
DJI  1.02(0.14) —0.10 (0.04) 0.20 (2.88) 0.12 (0.02) 0.88 (0.02)  6.33 (1.52)
DJCB  0.16 (0.37) —0.11 (0.03) 0.06 (3.77) 0.08 (0.02) 0.89 (0.02)  6.75 (1.73)
DAX 058 (0.44)  0.01 (0.03) 0.39 (3.79) 0.09 (0.02) 0.89 (0.02)  8.24 (2.30)
RDAX 0.25 (0.07)  0.10 (0.04) 0.01 (2.38) 0.05 (0.01) 0.95 (0.01) 17.30 (9.03)

Table 5.1: ML estimates and standard errors (in parentheses) of AR(1)-GARCH(1,1)
parameters for the DJI, DJCB, DAX, and RDAX daily log-returns.

heteroskedasticity present in the data, see Bollerslev (1986). The log-return r;; of
index ¢ € {DJI,DJCB, DAX, RDAX} at time ¢ can thus be written as

Tig = Wi + Q3 T15 + €,

€t = Ot 2t (5-1)
‘71‘,2,1' =w; + oy 8371,1' + Bi O-t271,i7

with parameters w; > 0, «a;, 5; > 0 such that o; + 5; < 1, |a;| < 1, and p; € R,
where E [z ;] = 0 and Var[z,;] = 1. The standardised residuals z;; are assumed
to follow a univariate Student’s t distribution with v; degrees of freedom, that is,
\/VT 2 ~ t,. ML parameter estimates and their standard errors derived from
numerical evaluation of the Hessian of the AR(1)-GARCH(1,1) parameters are given
in Table 5.1. Using these standard errors and a 5% significance level, we cannot re-
ject the null hypothesis of the Ljung-Box test that there is no autocorrelation left in
the residuals and squared residuals (Ljung and Box, 1978). The same holds true for
the null hypothesis of the Lagrange-multiplier ARCH test that the residuals exhibit
no conditional heteroskedasticity (Engle, 1982). We converted the standardised re-
siduals to uniformly distributed observations u;; = t,, <\/T ) before modelling

vi—2
the joint dependence structure of the four time series of log-returns by a PCBN.

5.1.2 Specifying the conditional independence structure

Based on the economic consideration that the German stock index is driven by its

US counterpart and that within the US and Germany corporate bond indices are
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driven by the respective national stock indices, we propose a conditional independ-
ence model for the transformed residuals u;;. The DAG D from Figure 1.2 with
vertices 1, 2, 3, 4 representing the variables DJI, DJCB, DAX, RDAX, respectively,
reflects the above-mentioned dependences and specifies the conditional independence

assumptions
DJCB 1L DAX | DJI and DJI 1L RDAX | {DJCB, DAX}.

Besides, we also obtain the DAG D when applying the PC algorithm with either of
the ten conditional independence tests COR, C-GR, C-H, C-K, D-GR, D-H, D-K,
R-GR, R-H, and R-K described in Section 4.1.3 (with notation as in Section 4.2).
Given the results presented below, we retrospectively measured the reliability of
the PC algorithm for the analysed financial data set as follows. We first generated
N = 100 i.i.d. samples of size n = 854 from the non-Gaussian PCBN specified by
the joint ML parameter estimates in Table 5.2 and then applied the PC algorithm
to recover the conditional independence properties of each of these samples. The
true DAG structure was recovered in 88% to 93% of the cases (depending on the

conditional independence test used), which supports our model assumptions.

Given the DAG D, Theorem 3.1 prescribes which pair copulas need specification in
the definition of our model. Note that vertex 4 (RDAX) has two parents (DJCB
and DAX), which necessitates the selection of a parent ordering. Using the pro-
cedure described in Section 4.3 with Kendall’s 7 edge weights, we decided to use
vertex 2 (DJCB) as the first parent. Our decision was based on estimates 7 of
Kendall’s 7 between vertices 2,4 (7 = 0.39) and 3,4 (7 = —0.25), respectively. The

corresponding log-likelihood function was derived in Example 3.6.

5.1.3 Pair-copula selection and ML estimation

Having fixed our model’s Markov structure, we next selected parametric copula fam-
ilies for Cyy, Cs1, Cy, and Cygje, respectively. We considered the Clayton, Frank,

Gaussian, Gumbel, and Student’s t copula families as well as reflected versions of
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the Clayton and Gumbel copula families in order to account for negative correla-
tions. Among these candidates, we selected copula families based on comparisons
of AIC values, which resulted in modelling all four copulas Cy;, C31, Cyo, and Cysjo
by Student’s t copulas. Figure 5.2 displays these choices along with kernel dens-
ity estimates of the respective true copula pdfs. Visual comparison of these plots
strongly affirms our choices of the Student’s t copula family. We shall note that the
estimates of the correlation parameters p and the degrees of freedom v used to com-
pute AIC values are nothing else than the sequential ML estimates to be obtained
from the selected PCBN. Our choice of t copula is consistent with popular modelling

approaches in the literature on statistical finance, see Ignatieva and Platen (2010).

We then computed joint ML estimates of the parameters of the so selected non-
Gaussian PCBN. In view of reducing model complexity, we also applied a semipara-
metric ML estimator inspired by Hobaek Haff (2013). To this end, we replaced the
integral in the log-likelihood function in Example 3.6 by a non-parametric condi-

tional cdf estimator of Fyo( - |us2) given by

n S L(up3)—P 1 (us S (ugo)—d (u
Zs:ﬁb( ( t,s)hS ( ,3)> ¢( ( ,2)h2 ( t,2))

n P (ugo)—d1(u ’
Zs:l ¢< ( ’Q)hg ( t72))

Z?3|2(Ut,3’Ut,2) = te{l,...,n},

where ¢ denotes the standard normal pdf, and hs, hg are normal reference rule-of-
thumb bandwidths, see Li and Racine (2007, Section 6.2). We used transformed
observations ®!(u;;) for the kernel smoothing to avoid boundary effects. The
log-likelihood function of this model, which we will refer to as the semiparametric
non-Gaussian PCBN, takes the form

n

L(9§ U) = Z log C21(Ut,2; Ut,15 921) + log CSl(ut,i’n Ut,15 031) + log 042(%5,4, Ut,25 942)
t=1

+ log C43)2 (hgz (Ut,47 Ut,2; 042), ﬁsu (Ut,g | Ut,z); 943|2) .

ML estimation in this model is performed as in the fully parametric case. Last,

we also applied the Gaussian PCBN from Section 3.4 to the data and compared
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Figure 5.1: Daily log-returns of the Dow Jones Industrial Average (DJI), the Dow
Jones Corporate Bond Index (DJCB), the German stock index (DAX),
and the German corporate bond index (RDAX).
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Figure 5.2: Kernel density estimates of pair-copula pdfs (left) and our choices of
Student’s t copula pdfs (right) for modelling the DJI, DJCB, DAX, and
RDAX data. All copulas are displayed with standard normal margins.
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its performance to the non-Gaussian and the semiparametric non-Gaussian PCBN.
Parameter estimates, bootstrapped standard errors, and estimates of Kendall’s 7 for
all three models are given in Table 5.2. The respective maximised log-likelihoods

and AIC values are summarised in Table 5.3.

Due to non-normal tail behaviour observed in the data, it is not surprising that the
Gaussian PCBN again turns out inferior to its non-Gaussian competitors. Applying
the Vuong test with AIC correction (Vuong, 1989) for model selection yields the
same conclusion. The results for the non-Gaussian and the semiparametric non-
Gaussian PCBN, however, are rather close. In fact, the null hypothesis of the
Vuong test that both models are equally close to the true model cannot be rejected
at the 5% significance level. Choosing the semiparametric over the fully parametric

non-Gaussian PCBN cut down computation time by the factor 50.

5.2 International stock market indices

We also applied PCBNSs to a financial data set comprising ten major international
stock market indices. More precisely, we modelled the joint distribution of a portfolio
of daily log-returns of the Australian All Ordinaries (AUS), the Canadian S&P/TSX
Composite Index (CAN), the Swiss Market Index (CH), the German DAX (DEU),
the French CAC 40 (FRA), the Hong Kong Hang Seng Index (HK), the Japanese
Nikkei 225 (JPN), the Singapore Straits Times Index (SGP), the UK’s FTSE 100
(UK), and the US S&P 500 (USA) from 1 April 2008 to 29 July 2011 (n = 733

observations). The ten time series of daily log-returns are given in Figure 5.3.

5.2.1 Univariate time series models

Using the inference functions for margins method, we again modelled univariate mar-
ginal distributions without regard to the dependence structure between variables.
We first removed serial correlation in the ten time series of log-returns by applying an
AR(1)-GARCH(1,1) filter, as was given in Equation (5.1). The standardised resid-
uals z;; of stock index i € {AUS, CAN, CH, DEU, FRA, HK, JPN, SGP, UK, USA}
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Copula non-Gaussian semiparametric non-Gaussian Gaussian
Parameters T Parameters T Parameters T
Cy1 S t —0.35,10.1 (0.03,3.8) —0.23 t —0.35,10.1 (0.03,3.9) —0.23 N —0.34 (0.03) —0.22
J t —0.35,10.4 (0.03,4.3) —0.23 t —0.35,10.1 (0.03,4.2) —0.23 N —0.34 (0.03) —0.22
Csi St 0.66,9.2(0.02,43) 046t  0.66,9.2 (0.02,4.3) 0.46 N 0.66 (0.02) 0.46
J t 066,93 (0.02,44) 046t 0.66,9.2 (0.02,4.4) 046 N 0.66 (0.02) 0.46
Cyeo S t 0.57,17.4(0.02,4.0) 0.39 t 0.57,17.4 (0.02,4.0) 0.39 N 0.57 (0.02) 0.39
J t 0.56,14.0 (0.02,4.4) 0.38 t 0.56,15.6 (0.02,4.2) 0.38 N 0.57 (0.02) 0.39
Cugz S t —0.29,8.9 (0.03,3.4) —0.19 t —0.30,9.8 (0.03,4.3)  —0.20 N —0.28 (0.04) —0.18
J t —0.29,8.7 (0.03,3.6) —0.19 t —0.30,9.5 (0.03,4.3) —0.20 N —0.28 (0.04) —0.18
Table 5.2: Sequential (S) and joint (J) ML estimates, standard errors (parentheses),
and estimates of Kendall’s 7 for the Gaussian, non-Gaussian, and semi-
parametric non-Gaussian PCBNs applied to the log-return data. Copulas
include the Gaussian (N) and Student’s t (t) pair-copula families.

PCBN LL # Parameters AIC

ng S 509.0 8 —1002.0

J 509.2 8 —1002.4

sng S 507.8 8 —999.6

J 507.9 8 —999.8

g S 489.7 4 —971.5

J 489.8 4 —971.5
Table 5.3: Maximised log-likelihoods, numbers of parameters, and AIC values for

the Gaussian (G), non-Gaussian (nG), and semiparametric non-Gaussian
(snG) PCBNSs applied to the log-return data. Sequential (S) and joint (J)
ML estimates of the corresponding parameters are given in Table 5.2.
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Figure 5.3: Daily log-returns of the Australian All Ordinaries (AUS), the Canadian

S&P/TSX Composite Index (CAN), the Swiss Market Index (CH), the
German DAX (DEU), the French CAC 40 (FRA), the Hong Kong Hang
Seng Index (HK), the Japanese Nikkei 225 (JPN), the Singapore Straits
Times Index (SGP), the UK FTSE 100 (UK), & the US S&P 500 (USA).
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w [x103) a  w[x10°] a B v v
AUS 0.26 (0.41)  0.01 (0.04) 0.18 (3.77) 0.08 (0.02) 0.91 (0.02) 10.33 (3.46) 0.90 (0.05)
CAN 0.50 (0.38) —0.01 (0.04) 0.17 (3.83) 0.09 (0.02) 0.90 (0.02) 10.74 (3.73) 0.80 (0.05)
CH 0.08(0.38) 0.02 (0.04) 0.38 (4.01) 0.12 (0.03) 0.86 (0.02) 7.64 (2.04) 0.92 (0.05)
DEU 0.66 (0.49) —0.03 (0.04) 0.31 (4.03) 0.08 (0.02) 0.91 (0.02) 7.77 (2.39) 0.93 (0.05)
FRA 023 (0.54) —0.02 (0.04) 0.59 (4.24) 0.09 (0.02) 0.89 (0.02) 8.29 (2.44) 0.94 (0.05)
HK  0.36 (0.55) —0.02 (0.04) 0.23 (4.07) 0.07 (0.02) 0.93 (0.01) 8.23 (2.25) 0.97 (0.05)
JPN  0.27 (0.53) —0.06 (0.04) 0.85 (4.39) 0.12 (0.03) 0.85 (0.02) 15.33 (7.85) 0.87 (0.05)
SGP  0.57 (0.40) —0.01 (0.04) 0.24 (3.98) 0.09 (0.02) 0.90 (0.02) 4.92 (0.89) 1.03 (0.05)
UK 0.56 (0.44) —0.01 (0.04) 0.37 (4.02) 0.09 (0.02) 0.89 (0.02) 8.42 (2.60) 0.92 (0.05)
USA  0.76 (0.43) —0.07 (0.04) 0.23 (4.03) 0.10 (0.02) 0.89 (0.02) 7.22 (2.15) 0.84 (0.04)

Table 5.4: ML estimates and standard errors (in parentheses) of AR(1)-GARCH(1,1)
parameters for the ten time series of daily log-returns.

are assumed to follow a skewed Student’s t distribution with v; degrees of freedom
and skewness parameter 7;, see McNeil et al. (2005, Section 3.2). The corresponding
cdf will be denoted by t,, ,,. ML parameter estimates and corresponding standard
errors derived from numerical evaluation of the Hessian of the AR(1)-GARCH(1,1)
parameters are given in Table 5.4. We assessed model fit using the following stat-
istical tests: the Ljung-Box test (Ljung and Box, 1978) with null hypothesis that
there is no autocorrelation left in the residuals and squared residuals, the Langrange-
multiplier ARCH test (Engle, 1982) with null hypothesis that the residuals exhibit
no conditional heteroskedasticity, and the Kolmogorov-Smirnov test (Conover, 1999,
Section 6.1) with null hypothesis that the residuals follow a skewed Student’s t distri-
bution. None of these null hypotheses could be rejected at the 5% significance level.

We then transformed the standardised residuals to uniformly distributed observa-

2 .2
tions ug; = t,, ~, \/ Vi o4 (w_22')/§ Z;i_4) Zt,i)? before modelling the joint dependence
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structure of the ten time series of log-returns by a PCBN.

5.2.2 Estimating the conditional independence structure

We estimated the conditional independence structure of the ten time series of log-
returns by applying the PC algorithm with either of the ten conditional independence
tests COR, C-GR, C-H, C-K, D-GR, D-H, D-K, R-GR, R-H, and R-K described in
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Section 4.1.3 (with notation as in Section 4.2) to the transformed observations ;.
All tests were performed at the 5% level. As a result, we obtained three different
essential graphs D¢y, Dgg p, and Dy, of which the first was returned by the PC
algorithm with COR, the second was returned by the PC algorithm with either of
C-GR, C-H, D-GR, D-H, R-GR, and R-H, and the third was returned by the PC
algorithm with either of C-K, D-K, and R-K, respectively. Obviously, a restriction
of the class of R-vines to C- or D-vines had not influence on the resulting essen-
tial graph. We then oriented undirected edges in the obtained essential graphs, as
described in Section 1.2, in order to obtain DAGs Dcor, Dcr.u, and Dk from the
Markov-equivalence classes represented by D¢og, Dgg i, and Dy, respectively. More
precisely, D¢or contained the two undirected edges AUS — HK and CH — DEU,
which we replaced by AUS — HK and CH — DEU, respectively, based on the heur-
istic rule that D¢y i and Dy already contained AUS — HK and CH — DEU. Simil-
arly, we oriented AUS — JPN into AUS <« JPN in Dgg i and Dk since D¢y already
contained AUS <— JPN. The DAGs Dcor, Dar u, and Dx are given in Figure 5.4.

In all three DAGs in Figure 5.4, the Asian-Pacific indices AUS, HK, JPN, and SGP
are mutually adjacent, and so are the two North American indices CAN and USA.
The same holds true for the European indices CH, DEU, FRA, and UK in DAG
Dcor, while DEU and UK are non-adjacent in Dgr p and Dk. A probability meas-
ure satisfying the Markov properties represented by either Dgg i or Dk, respectively,
observes the conditional independence restriction DEU 1L UK | {CH,FRA}. All
further conditional independence restrictions represented by the DAGs in Figure 5.4
involve indices in at least two of the above given regions Asia-Pacific, Europe, and
North America. We hence observe a strong geographical clustering of dependences.
Moreover, all three DAGs in Figure 5.4 represent the conditional independence re-
striction {AUS, HK, JPN,SGP} 1l {CAN,USA} | {CH,DEU,FRA, UK}, that is,
Asia-Pacific 1l North America | Europe. Note that Markov properties alone are not
sufficient for deriving causal relations within the analysed data (see, for instance,
the undirected edges in an essential graph), but they can be used as a starting point

for further research in that direction.
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A well-ordering for Dcor is given by 1 — CAN, 2 — CH, 3 — DEU, 4 — UK,
5 +— FRA, 6 — USA, 7 — JPN, 8 — SGP, 9 — AUS, 10 — HK. Similarly,
we obtain a well-ordering for Dgr u and Dk, respectively, by mapping 1 — CAN,
2 — CH, 3 +— UK, 4 — FRA, 5 — DEU, 6 — USA, 7 — JPN, 8 — AUS,
9 — SGP, 10 — HK. We determined parent orderings for the three DAGs in Figure
5.4 in two steps. First, we applied the greedy-type procedure with Kendall’s 7 edge
weights described in Section 4.3, and second, we permuted some of the orderings
obtained in step one to reduce the number of integrals in the corresponding pair-
copula decompositions and thus the computational complexity. More precisely, we
changed JPN <,ys SGP and CAN <ysa DEU <ysa FRA in DAG Dcor into
SGP <aus JPN and DEU <ysa FRA <ysa CAN, respectively, and CAN <ysa
DEU <ysa FRA in DAG Dk into DEU <ysa FRA <ysa CAN. The resulting

parent orderings for Dcor, Dar u, and Dk, respectively, are displayed in Figure 5.4.

5.2.3 Pair-copula selection and ML estimation

Having fixed the parent orderings for the three PCBNs corresponding to Dcog,
Dcrou, and D, respectively, we next selected parametric pair-copula families us-
ing the AIC as a selection criterion. We considered the Clayton, Frank, Gaussian,
Gumbel, and Student’s t copula families as well as reflected versions of the Clayton
and Gumbel copula families in order to account for negative correlations. We then
computed sequential ML estimates of the parameters of the so specified PCBNs.
Selected pair-copula families, corresponding sequential ML estimates, bootstrapped
standard errors, and estimates of Kendall’s 7 are given in Table 5.5. The respective
maximised log-likelihoods and AIC values are summarised in Table 5.6. Moreover,
we compared model fit to the respective Gaussian PCBNs comprising only Gaus-
sian pair copulas. Corresponding ML estimates, standard errors, and estimates of
Kendall’s 7 are again found in Table 5.5, while maximised log-likelihoods and AIC

values are given in Table 5.6.

According to the AIC, the best fit was obtained by the non-Gaussian PCBN with
DAG Dgru, followed by the non-Gaussian PCBNs associated to Dk and Dcog,



86 5 Data applications
DAG Dcor DGR,H Dk
Parameters 7T Parameters 7T Parameters T
JPN —- AUS nG t 0.56,10.3 (0.03,4.1) 0.38 t 0.73,8.5 (0.02,3.4) 0.52 t 0.73,8.5 (0.02,3.4) 0.52
(¢ N 0.55 (0.03) 0.37 N 0.72 (0.02) 0.52 N 0.72 (0.02) 0.52
SGP — AUS nG t  0.64,9.4 (0.02,4.1) 0.44
¢ N 0.64 (0.02) 0.44
CH—»DEU nG t 083,54 (0.01,1.8) 0.63 F 0.98 (0.23) 0.11 F 0.98 (0.23) 0.11
G N 0.82 (0.01) 0.62 N 0.14 (0.04) 0.09 N 0.14 (0.04) 0.09
FRA — DEU ngG t 0.94,3.8 (0.01,1.2) 0.78 ¢ 0.94,3.8 (0.01,1.2) 0.78
G N 0.93 (0.01) 0.76 N 0.93 (0.01) 0.76
CH — FRA ng F 1.55 (0.24) 0.17 ¢ 0.44,9.0 (0.03,4.4) 0.29 ¢ 0.44,9.0 (0.03,4.3) 0.29
¢ N 0.28 (0.04) 0.18 N 0.44 (0.03) 0.29 N 0.44 (0.03) 0.29
DEU — FRA nG t 0.94,3.8 (0.01,1.1) 0.78
¢ N 0.93 (0.01) 0.76
UK — FRA ng t 0.57,6.9 (0.03,3.3) 0.38 t 0.92,7.3 (0.01,2.8) 0.74 t 0.92,7.3 (0.01,2.8) 0.74
g N 0.59 (0.04) 0.40 N 0.92 (0.01) 0.74 N 0.92 (0.01) 0.74
AUS — HK nG t 0.35,13.4 (0.03,4.8) 0.22 t 0.35,13.4 (0.03,4.8) 0.22 t 0.35,13.4 (0.03,4.8) 0.22
G N 0.36 (0.04) 0.24 N 0.36 (0.04) 0.24 N 0.36 (0.04) 0.24
JPN - HK nG t 0.20,20.0 (0.04,2.8) 0.13 N 0.20 (0.04) 0.13 N 0.20 (0.04) 0.13
G N 0.20 (0.04) 0.13 N 0.20 (0.04) 0.13 N 0.20 (0.04) 0.13
SGP — HK ng t 0.78,5.7 (0.01,1.9) 0.57 ¢ 0.78,5.7 (0.01,2.0) 0.57 ¢ 0.78,5.7 (0.01,2.0) 0.57
g N 0.78 (0.02) 0.57 N 0.78 (0.02) 0.57 N 0.78 (0.02) 0.57
AUS —- SGP ng t 0.64,9.4 (0.02,4.0) 0.44 ¢ 0.64,9.4 (0.02,4.0) 0.44
G N 0.64 (0.02) 0.44 N 0.64 (0.02) 0.44
JPN - SGP nG t 0.60,11.6 (0.02,4.5) 0.41 N 0.27 (0.03) 0.17 N 0.27 (0.03) 0.17
¢ N 0.60 (0.02) 0.41 N 0.26 (0.03) 0.17 N 0.26 (0.04) 0.17
UK — SGP ng N 0.34 (0.03) 0.22 N 0.27 (0.03) 0.18 N 0.27 (0.03) 0.18
¢ N 0.34 (0.03) 0.22 N 0.27 (0.03) 0.18 N 0.27 (0.03) 0.18
CAN - UK nG SG 1.13 (0.03) 0.12 N 0.31 (0.03) 0.20 N 0.31 (0.03) 0.20
(¢ N 0.21 (0.04) 0.13 N 0.31 (0.03) 0.20 N 0.31 (0.03) 0.20
CH — UK nGg t 0.36,9.6 (0.03,4.5) 0.23 t 0.83,8.6 (0.01,3.7) 0.62 t 0.83,8.6 (0.01,3.7) 0.62
g N 0.39 (0.04) 0.25 N 0.83 (0.01) 0.62 N 0.83 (0.01) 0.62
DEU - UK nG t  0.88,7.3 (0.01,3.0) 0.69
¢ N 0.88 (0.01) 0.68
CAN - USA nGg N 0.48 (0.03) 0.32 ¢ 0.75,6.7 (0.02,3.0) 0.54 N 0.52 (0.03) 0.35
g N 0.48 (0.03) 0.32 N 0.75 (0.01) 0.54 N 0.52 (0.03) 0.35
DEU — USA nG t 0.71,6.8 (0.02,3.0) 0.51 t 0.47,12.7 (0.03,4.9) 0.31 t 0.71,6.8 (0.02,3.0) 0.51
G N 0.71 (0.02) 0.50 N 0.47 (0.03) 0.31 N 0.71 (0.02) 0.50
FRA — USA nG t  0.19,9.2 (0.04,4.5) 0.12 t 0.19,9.2 (0.04,4.4) 0.12
¢ N 0.21 (0.05) 0.14 N 0.21 (0.05) 0.14

Table 5.5: Selected pair-copula families,
(parentheses), and estimates of Kendall’s 7 for the Gaussian (G) and
non-Gaussian (nG) PCBNs corresponding to the DAGs in Figure 5.4.
Copulas include the Frank (F), Gaussian (N), Survival Gumbel (SG),
and Student’s t (t) pair-copula families.

sequential ML estimates, standard errors
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Figure 5.4: DAGs Dcor (top left), Doru (top right), Dk (bottom) returned by
the PC algorithm with different conditional independence tests when
estimating the Markov structure of the ten time series AUS, CAN, CH,
DEU, FRA, HK, JPN, SGP, UK, USA of daily log-returns. Solid edges
appear in all three DAGs. Edge labels indicate parent orderings, that
is, for instance, DEU <yga FRA <USA CAN in Dcor.

DAG LL # Parameters AIC
Dcor ng 3397.0 30 —6734.0
g 3264.6 17 —6495.3
Deru ng 3412.8 25 —6775.6
g 3285.5 15 —6540.9
Dk ng 3401.9 26 —6751.8
g 3264.1 16 —6496.3

Table 5.6: Maximised log-likelihoods, numbers of parameters, and AIC values for the
Gaussian (G) and non-Gaussian (nG) PCBNs corresponding to the DAGs
in Figure 5.4. ML estimates of the parameters are given in Table 5.5.
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Figure 5.5: Predicted one-day 99% VaR based on 100,000 samples from either of
the non-Gaussian PCBNs with DAGs D¢or (dotted), Dar u (solid), Dk
(dashed). Bars indicate true portfolio losses.

respectively. Applying the Vuong test with AIC correction (Vuong, 1989) to the non-
Gaussian PCBNs at the 5% level, we cannot reject the null hypothesis that all three
models are equally close to the true model. A similar statement holds for the Gaus-
sian PCBNs. However, using the Vuong test for model selection between a Gaussian
and a non-Gaussian PCBN will always decide in favor of the non-Gaussian model,
which again shows the latter model’s superiority. This is, of course, to be expected
since financial returns often exhibit heavy-tailed dependence, which is validated here

by the low estimates of the degrees-of-freedom parameters of the t copulas.

5.2.4 Value-at-Risk prediction

We finally examined the out-of-sample performance of the non-Gaussian PCBNs
by predicting Value-at-Risk (VaR) (McNeil et al., 2005, Section 2.2) for the period
from 10 August 2011 to 20 January 2012 (N = 100 observations). To this end, we
considered an equally weighted portfolio of above stock indices, and performed the
following steps at each time point ¢. First, we set the portfolio value at time t—1 to 1
and computed the true portfolio loss L; = 1— %0 2101 e"i. Second, we drew 100,000
samples from either of the three non-Gaussian PCBNs under investigation. Last,
we used the freshly drawn samples to predict the one-day 99% VaR and compared
the obtained values to L;. The results are displayed in Figure 5.5.

The VaR predictions of all three models are almost indistinguishable and are each
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only once exceeded by the true portfolio losses. Hence, for either model, the null
hypotheses of correct unconditional (Kupiec, 1995) and conditional (Christoffersen,

1998) coverage, respectively, cannot be rejected at the 5% significance level.

5.3 Reducing computational complexity

Depending on the underlying DAG and the corresponding parent orderings, the
evaluation of the log-likelihood of a PCBN may involve high-dimensional numer-
ical integration and hence considerable computational effort. In Section 4.3, we
presented a greedy procedure for selecting the parent orderings of the vertices of
the underlying DAG, which is based on the idea of modelling strongest depend-
ences in the pair copulas with fewest conditioning variables. In Section 5.2.2, we
introduced an additional selection step, in which some of the parent sets were re-
arranged in order to reduce the number of integrals in the corresponding likelihood
decompositions. It would be desirable to have theoretical results on the relation-
ship between parent orderings and the number and complexity of integrals in the
future. Moreover, in Section 5.1.3, we suggested to replace some or all of the integ-
rals by non-parametric kernel conditional cdf estimators. Another way of reducing

computational complexity is to consider sequential instead of joint ML estimates.






A H-functions of selected copula

families

The h-functions of the Clayton, Frank, Gumbel, Gaussian, and Student’s t pair-

copula families discussed in Section 2.1 exhibit closed form expressions.

Clayton copula

ha(w0) = (w7 = 1)ud +1) 770, w = (u,u) € 0,12, 0€ (0,00).

Frank copula

(6—0u1 _ 1) e—0u2
h :0) = 0 )
12(w; 0) (e0u —1)(e0uz —1) +e b1’ € R\ {0}

Gumbel copula

o ) = S(0) <1+ (log“1)9> g, 6 el o00).

U9 log us

Gaussian copula

O (ur) — p @7 (un)
1—p?

hlz(U;p)zq)( ) p€(—1,1).
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Student’s t copula

VYTt () — p t, "t (ug))
V@ =2 (v + [ w)])

, pe(=1,1),v e (1,00).

hy('u,; P, V) =ty




B Example of a PCC for a

D-Markovian probability measure

In Examples 3.2 to 3.4, we considered a D-Markovian probability measure on R’
associated to the DAG D in Figure 3.2. We decomposed the pdf according to

= f1"'f7021(F27F1)C31(F3,F1)C42(F4,FQ)C41|2(F4\2,F1|2)054(F5,F4)C53|4(F5\47F3|4)
’ 665(F67 F5) CG4|5(F6\57 F4|5) 063|54(F6\547 F3\54) 062\543<F6\5437 F2|543) 075(F7, F5)

: C76|5(F7\57 F6|5) C73|56(F7\567 F3\56)-

We then used Algorithm 2 to derive a pair-copula decomposition for the conditional

cdf Fy56. Applying Algorithm 2 also to the other conditional cdfs yields

Fijp = hoy (B3, FY),

Fyo = hgo(Fy, F5),
F34 Z/ car2(Fuj2, Frj2) caa(Fy, F) ha1 (Fs, F) fa cor(Fa, Fy) fidaes,
]RQ

Fyjq = hsa(F5, Fy),
Fys = hsa(F5, F),
Fojs = hes (Fs, ),
Frs = hys(Fr, F5),

Fi50 = hsgja(Fsja, F31),
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Fe54 = heajs(Fo)5, Fays),
F3|56 = / h6§|54(F6\54, F3|54) 064\5(F6|5, F4|5) 054(F5, F4) Jadmxy,
R

Fri56 = hagjs(Fris, Fops),

I o S carp(Fuz, Fupg) cao(Fy, Fo) cs1(Fs, F1) fo co1(Fa, Fy) fiday day
fRz C41|2(F4|2, F1|2) 042(F4, F2) 031(F3, Fl) f2 021(F27 Fl) fidxio 7

Fyj543 = hesjsa(Fojs4, F3)54)-

Fs43 =



Bibliography

K. Aas and D. Berg. Models for construction of multivariate dependence—a com-
parison study. The European Journal of Finance, 15(7-8):639-659, 2009.

K. Aas, C. Czado, A. Frigessi, and H. Bakken. Pair-copula constructions of multiple
dependence. Insurance: Mathematics and Economics, 44:182—198, 2009.

E. F. Acar, C. Genest, and J. Neslehova. Beyond simplified pair-copula construc-
tions. Journal of Multivariate Analysis, 110:74-90, 2012.

H. Akaike. A new look at the statistical model identification. IEEE Transactions
on Automatic Control, 19(6):716-723, 1974.

T. W. Anderson. An Introduction to Multivariate Statistical Analysis. John Wiley
& Sons, Chichester, third edition, 2003.

S. A. Andersson, D. Madigan, and M. D. Perlman. A characterization of Markov
equivalence classes for acyclic digraphs. The Annals of Statistics, 25(2):505-541,
1997.

D. L. Applegate, R. E. Bixby, V. Chvéatal, and W. J. Cook. The Traveling Salesman
Problem: A Computational Study. Princeton University Press, Princeton, New
Jersey, 2007.

A. Bauer and C. Czado. Pair-copula Bayesian networks. Submitted for publication,
arXiv:1211.5620 [stat.ME|, 2012.

A. Bauer, C. Czado, and T. Klein. Pair-copula constructions for non-Gaussian DAG
models. The Canadian Journal of Statistics, 40(1):86-109, 2012.

95


http://arxiv.org/abs/1211.5620

96 Bibliography

T. Bedford and R. M. Cooke. Probability density decomposition for conditionally
dependent random variables modeled by vines. Annals of Mathematics and Arti-
ficial Intelligence, 32:245-268, 2001.

T. Bedford and R. M. Cooke. Vines—a new graphical model for dependent random
variables. The Annals of Statistics, 30(4):1031-1068, 2002.

W. P. Bergsma. Nonparametric testing of conditional independence by means of the
partial copula. arXiv:1101.4607 [math.ST], 2011.

J. R. Blum, J. Kiefer, and M. Rosenblatt. Distribution free tests of independence
based on the sample distribution function. The Annals of Mathematical Statistics,

32(2):485-498, 1961.

T. Bollerslev. Generalized autoregressive conditional heteroskedasticity. Journal of
Econometrics, 31:307-327, 1986.

E. C. Brechmann, C. Czado, and K. Aas. Truncated regular vines in high dimensions
with application to financial data. The Canadian Journal of Statistics, 40(1):68—
85, 2012.

U. Cherubini, E. Luciano, and W. Vecchiato. Copula Methods in Finance. John
Wiley & Sons, Chichester, 2004.

U. Cherubini, F. Gobbi, S. Mulinacci, and S. Romagnoli. Dynamic Copula Methods
in Finance. John Wiley & Sons, Chichester, 2011.

L. Chollete, A. Heinen, and A. Valdesogo. Modeling international financial returns

with a multivariate regime-switching copula. Journal of Financial Econometrics,

7(4):437-480, 2009.

P. F. Christoffersen. Evaluating interval forecasts. International Economic Review,
39(4):841-862, 1998.

W. J. Conover. Practical Nonparametric Statistics. John Wiley & Sons, New York,
third edition, 1999.


http://arxiv.org/abs/1101.4607

Bibliography 97

R. G. Cowell, A. P. Dawid, S. L. Lauritzen, and D. J. Spiegelhalter. Probabilistic
Networks and Ezxpert Systems: Ezact Computational Methods for Bayesian Net-
works. Springer, New York, second edition, 2003.

D. R. Cox and N. Wermuth. Maultivariate Dependencies: Models, Analysis and
Interpretation. Chapman & Hall, London, 1996.

C. Czado, U. Schepsmeier, and A. Min. Maximum likelihood estimation of mixed
C-vines with application to exchange rates. Statistical Modelling, 12(3):229-255,
2012.

J. Difsmann, E. C. Brechmann, C. Czado, and D. Kurowicka. Selecting and estim-
ating regular vine copulae and application to financial returns. Computational
Statistics and Data Analysis, 59:52—-69, 2013.

D. Dor and M. Tarsi. A simple algorithm to construct a consistent extension of a
partially oriented graph. Technical report R-185, Cognitive Systems Laboratory,
UCLA, 1992.

G. Elidan. Copula Bayesian networks. In J. Lafferty, C. K. I. Williams, J. Shawe-
Taylor, R. S. Zemel, and A. Culotta (Eds.), Advances in Neural Information
Processing Systems, volume 23, pages 559-567. NIPS Foundation, La Jolla, Cali-
fornia, 2010.

R. F. Engle. Autoregressive conditional heteroscedasticity with estimates of the
variance of United Kingdom inflation. Econometrica, 50(4):987-1007, 1982.

M. Fischer, C. Kock, S. Schliiter, and F. Weigert. An empirical analysis of mul-
tivariate copula models. Quantitative Finance, 9(7):839-854, 2009.

C. Genest and B. Rémillard. Tests of independence and randomness based on the
empirical copula process. Test, 13(2):335-369, 2004.

C. Genest, K. Ghoudi, and L.-P. Rivest. A semiparametric estimation procedure of

dependence parameters in multivariate families of distributions. Biometrika, 82

(3):543-552, 1995.



98 Bibliography

L. Gruber, C. Czado, and J. Stober. Bayesian model selection for regular vine

copulas using reversible jump MCMC. Submitted for publication, 2013.

A. M. Hanea. Algorithms for non-parametric Bayesian belief nets. Ph.D. thesis,
Technische Universiteit Delft, 2008.

A. M. Hanea and D. Kurowicka. Mixed non-parametric continuous and discrete
Bayesian belief nets. In T. Bedford, J. Quigley, L. Walls, B. Alkali, A. Daneshkhah,
and G. Hardman (Eds.), Advances in Mathematical Modeling for Reliability, pages
9-16. I0OS Press, Amsterdam, 2008.

A. M. Hanea, D. Kurowicka, and R. M. Cooke. Hybrid method for quantifying and
analyzing Bayesian belief nets. Quality and Reliability Engineering International,
22:709-729, 2006.

N. Harris and M. Drton. PC algorithm for Gaussian copula graphical models.
arXiv:1207.0242 [math.ST], 2012.

I. Hobazek Haff. Comparing estimators for pair-copula constructions. Journal of
Multivariate Analysis, 110:91-105, 2012.

I. Hobaek Haff. Parameter estimation for pair-copula constructions. Bernoulli, 2013.

To appear.

I. Hobaek Haff, K. Aas, and A. Frigessi. On the simplified pair-copula construction—
Simply useful or too simplistic? Journal of Multivariate Analysis, 101(5):1296—
1310, 2010.

W. Hoeffding. A non-parametric test of independence. The Annals of Mathematical
Statistics, 19(4):546-557, 1948.

M. Hollander and D. A. Wolfe. Nonparametric Statistical Methods. John Wiley &
Sons, Chichester, second edition, 1999.

K. Ignatieva and E. Platen. Modelling co-movements and tail dependency in the
international stock market via copulae. Asia-Pacific Financial Markets, 17(3):

261-302, 2010.


http://arxiv.org/abs/1207.0242

Bibliography 99

H. Joe. Families of m-variate distributions with given margins and m(m — 1)/2
bivariate dependence parameters. In L. Riischendorf, B. Schweizer, and M. D.
Taylor (Eds.), Distributions with Fized Marginals and Related Topics, volume 28
of Lecture Notes—Monograph Series, pages 120-141. Institute of Mathematical
Statistics, Hayward, California, 1996.

H. Joe. Multivariate Models and Dependence Concepts. Chapman & Hall, London,
1997.

H. Joe and J. J. Xu. The estimation method of inference functions for margins for
multivariate models. Technical report 166, Department of Statistics, University
of British Columbia, 1996.

M. Kalisch and P. Biihlmann. Estimating high-dimensional directed acyclic graphs
with the PC-algorithm. Journal of Machine Learning Research, 8:613-636, 2007.

M. Kalisch, M. Mé&chler, and D. Colombo. Estimation of CPDAG/PAG and causal
inference using the IDA algorithm, 2012. Manual for the R package pcalg.

G. Kim, M. J. Silvapulle, and P. Silvapulle. Comparison of semiparametric and
parametric methods for estimating copulas. Computational Statistics and Data
Analysis, 51(6):2836-2850, 2007.

D. Koller and N. Friedman. Probabilistic Graphical Models: Principles and Tech-
niques. MIT Press, Cambridge, Massachusetts, 2009.

J. B. Kruskal. On the shortest spanning subtree of a graph and the traveling salesman
problem. Proceedings of the American Mathematical Society, 7(1):48-50, 1956.

P. H. Kupiec. Techniques for verifying the accuracy of risk measurement models.

The Journal of Derivatives, 3(2):73-84, 1995.

D. Kurowicka. Optimal Truncation of Vines. In D. Kurowicka and H. Joe (Eds.),
Dependence Modeling: Vine Copula Handbook, pages 233—248. World Scientific,
Singapore, 2011.



100 Bibliography

D. Kurowicka and R. Cooke. Uncertainty Analysis with High Dimensional Depend-
ence Modelling. John Wiley & Sons, Chichester, 2006.

D. Kurowicka and R. M. Cooke. Distribution-free continuous Bayesian belief nets.
In A. Wilson, N. Limnios, S. Keller-McNulty, and Y. Armijo (Eds.), Modern Stat-
wstical and Mathematical Methods in Reliability, volume 10 of Series on Quality,
Reliability and Engineering Statistics, pages 309-323. World Scientific, Singapore,
2005.

D. Kurowicka and H. Joe (Eds.). Dependence Modeling: Vine Copula Handbook.
World Scientific, Singapore, 2011.

S. L. Lauritzen. Graphical Models. Oxford University Press, Oxford, 1996.

Q. Li and J. S. Racine. Nonparamatric Econometrics: Theory and Practice. Prin-

ceton University Press, Princeton, New Jersey, 2007.

G. M. Ljung and G. E. P. Box. On a measure of lack of fit in time series models.
Biometrika, 65(2):297-303, 1978.

A. J. McNeil, R. Frey, and P. Embrechts. Quantitative Risk Management: Concepts,

Techniques and Tools. Princeton University Press, Princeton, New Jersey, 2005.

C. Meek. Causal inference and causal explanation with background knowledge. In
P. Besnard and S. Hanks (Eds.), Proceedings of the Eleventh Conference on Uncer-
tainty in Artificial Intelligence, pages 403-410. Morgan Kaufmann, San Francisco,
California, 1995.

A. Min and C. Czado. Bayesian model selection for D-vine pair-copula constructions.
The Canadian Journal of Statistics, 39(2):239-258, 2011.

B. R. Moole and M. Valtorta. Sequential and parallel algorithms for causal explana-

tion with background knowledge. International Journal of Uncertainty, Fuzziness
and Knowledge-Based Systems, 12(Supplement 2):101-122, 2004.



Bibliography 101

R. E. Neapolitan. Learning Bayesian Networks. Prentice Hall, Upper Saddle River,
New Jersey, 2003.

R. B. Nelsen. An Introduction to Copulas. Springer, New York, second edition,
2006.

A. J. Patton. Modelling asymmetric exchange rate dependence. International Eco-
nomic Review, 47(2):527-556, 2006.

J. Pearl. Causality: Models, Reasoning, and Inference. Cambridge University Press,
Cambridge, second edition, 2009.

O. Pourret, P. Naim, and B. Marcot (Eds.). Bayesian Networks: A Practical Guide
to Applications. John Wiley & Sons, Chichester, 2008.

R. C. Prim. Shortest connection networks and some generalizations. Bell System
Technical Journal, 36(6):1389-1401, 1957.

R. W. Robinson. Counting labeled acyclic digraphs. In F. Harary (Ed.), New
Directions in the Theory of Graphs, pages 239-273. Academic Press, New York,
1973.

M. Rosenblatt. Remarks on a multivariate transformation. The Annals of Mathem-
atical Statistics, 23(3):470-472, 1952.

U. Schepsmeier, J. Stober, and E. C. Brechmann. Statistical inference of vine cop-

ulas, 2013. Manual for the R package VineCopula.

G. Schwarz. Estimating the dimension of a model. The Annals of Statistics, 6(2):
461-464, 1978.

A. Sklar. Fonctions de répartition a n dimensions et leurs marges. Publications de
UInstitut de Statistique de I’Université de Paris, 8:229-231, 1959.

M. Smith, A. Min, C. Almeida, and C. Czado. Modeling longitudinal data us-
ing a pair-copula decomposition of serial dependence. Journal of the American

Statistical Association, 105(492):1467-1479, 2010.



102 Bibliography

K. Song. Testing conditional independence via Rosenblatt transforms. The Annals

of Statistics, 37(6B):4011-4045, 2009.

P. Spirtes and C. Glymour. An algorithm for fast recovery of sparse causal graphs.
Social Science Computer Review, 9(1):62-72, 1991.

P. Spirtes, C. Glymour, and R. Scheines. Causation, Prediction, and Search. MIT
Press, Cambridge, Massachusetts, second edition, 2000.

J. Stober, H. Joe, and C. Czado. Simplified pair copula constructions—limits and
extensions. arXiv:1205.4844 [stat.ME|, 2012.

I. Tsamardinos, L. E. Brown, and C. F. Aliferis. The max-min hill-climbing Bayesian

network structure learning algorithm. Machine Learning, 65(1):31-78, 2006.

T. Verma and J. Pearl. Equivalence and synthesis of causal models. In P. Bon-
issone, M. Henrion, L. Kanal, and J. Lemmer (Eds.), Uncertainty in Artificial

Intelligence, volume 6, pages 220-227. Elsevier Science, New York, 1991.

Q. H. Vuong. Likelihood ratio tests for model selection and non-nested hypotheses.
Econometrica, 57(2):307-333, 1989.

J. Whittaker. Graphical Models in Applied Multivariate Statistics. John Wiley &
Sons, Chichester, 1990.

S. Wright. Correlation and causation. Journal of Agricultural Research, 20(7):557—
585, 1921.

K. Zhang, J. Peters, D. Janzing, and B. Scholkopf. Kernel-based conditional inde-
pendence test and application in causal discovery. In F. Cozman and A. Pfeffer

(Eds.), Proceedings of the Twenty-Seventh Conference on Uncertainty in Artificial
Intelligence, pages 804-813. AUAI Press, Corvallis, Oregon, 2011.


http://arxiv.org/abs/1205.4844

Abbreviations

AIC
BIC
C-vine
cdf

cf.

CG
D-vine
DAG
ie.
ii.d.
ML
MSE
PCC
pdf
R-vine
TDC
TSP
UG

w.lo.g.

Akaike’s information criterion
Bayesian information criterion
canonical vine

cumulative distribution function
compare (Lat. confer)

chain graph

drawable vine

directed acyclic graph

that is (Lat. id est)
independent and identically distributed
maximum likelihood

mean squared error

pair-copula construction
probability density function
regular vine

tail dependence coefficient
travelling salesman problem
undirected graph

without loss of generality
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